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Male sterility was defined by Dorsey (1914) as the con­
dition resulting from defects leading either to the nonforma-
tion of pollen or the lack of functional power of pollen that 
is formed. Jain (1959) described male sterility more exten­
sively as: (1) the deficiency of male individuals in a 
dioecious strain; (2) absence or atrophy of male organs in a 
normally bisexual plant; (3) failure to produce normal 
sporogenous tissue in stamens; (4) inhibitions at various 
stages of pollen development yielding incomplete or imperfect 
pollen, or (5) failure of pollen to mature, dehisce, or 
function when placed on a compatible stigma. Pollen abortion 
and failure were cited as sometimes being considered together 
as pollen sterility. 
Jones (1956) stated that the normal interrelationship 
produced by the evolution of genes and cytoplasm together pro­
vides for normal growth, development, and the transmission of 
characteristics to successive generations. When this relation­
ship is altered by hybridization between different forms, 
either within the species or between related species, a failure 
of some developmental processes may result. This failure of 
the normal interaction between genome and plasmone often is 
expressed through the elimination or reduction of some physio­
logical process. In plants the most common result is 
chlorophyll degeneration or pollen abortion. 
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Male sterility in plant species is a subject which has 
deserved, and received, much attention in recent decades. Kley 
(195^ ) pointed out that male sterility is important for several 
reasons. It permits the production of hybrids on a commercial 
scale in those crops where the cost of emasculation renders 
hybridization economically impossible. Even for crops where 
hybrids have been produced commercially using hand emascula­
tion, male sterility may provide a means for more economical 
production of hybrid seed. Since some selfing may occur with 
emasculation, seed purity is likely to be higher in hybrids 
resulting from the use of male sterility than it is for hybrids 
produced by emasculation. Also, plants may be damaged by the 
emasculation process, providing means for the entry of certain 
disease organisms and insects. With male sterility, the 
chances of mechanical injury are lessened and higher yields of 
hybrid seed may be obtained. 
Three types of male sterility—genetic, cytoplasmic, and 
cytoplasmic-genetic—have been described. Cytoplasmic-genetic 
sterility involves both nuclear genes and the cytoplasm, and is 
the type that will be considered in this dissertation. 
Stephens and Holland (195^ ) first reported the occurrence of 
this type of male sterility in grain sorghums (Sorghum blcolor 
L. Moench) , resulting from an interaction between milo cyto­
plasm and kafir nuclear factors. The large scale production of 
hybrids has since become a reality in this crop. 
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Objectives of the investigations reported in this disser­
tation were twofold: (l) to determine the effects of cytoplasm 
type on the performance of grain sorghum lines and hybrids, 
and (2) to determine free amino acid contents in the anthers of 
male fertile and male sterile sorghum lines. Since the pro­
duction of sorghum hybrids is feasible at present only through 
the use of male sterility, findings relative to the first 
objective most likely will be of academic interest rather than 
immediate practical value. However, if superior performance 
for hybrids with fertile cytoplasm could be demonstrated, 
intensified investigations of chemical means for inducing male 
sterility in fertile cytoplasm seed parents may be warranted. 
The analyses of free amino acids in the anthers were 
directed toward an elucidation of biochemical mechanisms 
involved in the expression of male sterility. A fuller under­
standing of the biochemical and physiological processes causing 
sterility is needed before research on the induction of male 
sterility by artificial means can progress efficiently. Con­
siderable research with several crops has been reported on the 
amino acid content of anthers from fertile lines, but very few 
studies have reported quantitative comparisons of a wide 
spectrum of amino acids in fertile vs. sterile lines of grain 
sorghums. 
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REVIEW OF LITEEATUEE 
Cytoplasm Effects 
According to Jones (195^) and Jones et al. (1957a-) f 
Correns (I908) was the first to find cytoplasm-controlled 
character differences. He discovered that complete pollen 
abortion in two genera of different families, Satureia. a mint 
of the family Labiatae, and Cirsium, a thistle of the family 
Compositae, in some cases was transmitted by the seed parent 
but was relatively uninfluenced by the pollen parent. Bateson 
and Gairdner (1921) also reported a maternally inherited con­
dition of pollen abortion in flax crosses. This instance later 
was shown by Chittenden (192?) to be subject to genie as well 
as cytoplasmic control. 
Rhoades (1931. 1933) reported a cytoplasmic male sterile 
in corn, and corn breeders attempted to use this cytoplasm for 
making male sterile inbreds. However, many'inbreds had weak 
fertility restoring capacity for this cytoplasm and eventually 
the lines with this type of cytoplasm were discarded. Accord­
ing to Duvick (1959). the paper by Jones and Clarke (1943) 
describing research with onions was the first report of a 
scheme to utilize cytoplasmic male sterility to emasculate 
hermaphrodite plants for the sake of extensive hybridization. 
In sorghum, cytoplasmic-genetic male sterility first was 
reported by Stephens and Holland (1954). Partially male 
sterile plants were observed in F2 populations of the cross 
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Double Dwarf Yellow Sooner milo x Texas Blackhull kafir. But 
in the Fg of the reciprocal cross, all plants were fertile. 
When kafir plants were backcrossed to hybrids that had been 
made with milo as the female parent, many male sterile plants 
were observed. In some BC2 progenies more than were male 
sterile. When the male sterile plants were used as females in 
crosses to milo plants, the progeny were pollen fertile. The 
authors concluded that the pollen sterility was caused by an 
interaction between milo cytoplasm and kafir nuclear factors. 
They suggested that more than two pairs of genetic factors were 
involved. 
Maunder and Pickett (1959) reported on experiments with 
sorghum where male sterility was dependent on a single pair of 
recessive alleles, interacting with sterile cytoplasm. In 
summarizing several reports on the genetics of sterility in 
sorghum, Duvick (I966) stated that the homozygous recessive 
condition, ms^ Q^^ ms^ -j^ , does not always cause complete sterility 
in sorghums. Certain environments and/or modifier genes cause 
ms^ m^s^  ^plants to be partially fertile. He proposed that the 
major dominant restorer allele (Ms^ )^ requires modifiers in 
some environments to give complete fertility. In some environ­
ments and/or genetic backgrounds one modifier gene has equal 
rank with the Ms^ i allele, so in these instances two comple­
mentary genes are required to produce fertility. 
The method of producing hybrid sorghum seed for commercial 
production as outlined by Stephens and Holland (195^ ) involves 
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two isolated fields. In one field the male sterile (A) line is 
maintained by crossing the B line onto the A line. Both lines 
are homozygous recessive ms^ j^ ms^ »^ but the A line has sterile 
cytoplasm and the B line has fertile cytoplasm. In the second 
field a line with homozygous dominant restorer alleles is 
crossed onto the A line. The restorer (R) line usually has 
fertile cytoplasm, but an B line with sterile cytoplasm can be 
used. Consequently, the commercial hybrid seed has sterile 
cytoplasm and is heterozygous at the restorer locus. 
Apparently no work has been published in sorghum where the 
agronomic effects of fertile vs. sterile cytoplasm were 
observed. Although his experiments did not involve a compari­
son of different types of cytoplasm, Ross (I965) reported on an 
experiment where yields were taken on sorghum populations con­
taining various proportions of fertile to sterile plants. In 
general, yields declined as the proportion of sterile plants in 
the population increased. The five-year average of the 1:1 
ratio of fertile to sterile plants was about 95^  of the 1:0 
ratio. In one unusually favorable year, the 3:1 ratio for the 
variety Martin yielded 109^  of 1:0; 1:1 yielded 105^  of 1:0; 
1:3 yielded 102^  of 1:0; and 0:1 yielded 106^  of 1:0. The 
five-year average showed the 3:1 ratio yielding 101# of 1:0 for 
Martin. In another year, Kafir 60 yielded I06, 101, 103, aad 
101# of 1:0 for the 3:1, 1:1, 1:3, and 0:1 ratios respectively. 
Brooks et al. (1966)  published pollen sterility percent­
ages for A, B, and R sorghum lines, and for heterozygous 
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hybrids (Msms) having either fertile or sterile cytoplasm. The 
percentages of pollen sterility in the A, B, and R lines were 
88.8, 9.0, and l6.2 respectively. In the hybrid having fertile 
cytoplasm 15.1^  sterility was noted, but the hybrid with 
sterile cytoplasm showed 42.9^ . The authors suggested that the 
data indicated gametophytic control of male sterility, that is, 
only the gametes carrying the dominant allele of the restorer 
gene would be functional. However, Brooks and Brooks (1967) 
observed in a study of 10 sorghum hybrids having sterile 
cytoplasm that only three of the hybrids had a mean sterility 
of $0% or higher, with the other seven showing considerably 
below 50^  sterility. When the F^ *s were crossed to a sterile 
line, a near 1:1 ratio of male fertile to male sterile plants 
was obtained in the progeny. These data indicated sporophytic 
control of male sterility, that is, all pollen would be 
functional in plants that were either heterozygous or homo­
zygous dominant at the locus. 
In corn, Buchert (I961) found that in the USDA type of 
cytoplasm only the microspores carrying the dominant Ef^  allele 
develop into fertile pollen grains; those carrying the recessive 
rf^  allele abort. But in the Texas type of cytoplasm, essen­
tially all pollen grains are fertile if the plant has at least 
one dominant allele at each locus necessary for fertility res­
toration. Duvick (1965) observed that in some genotypes small 
percentages of fertile pollen grains carrying the rf^  allele were 
produced by Rf^ rf^  plants that possessed the USDA type of 
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cytoplasm. It is not known whether specific modifying genes, 
environmental conditions, or a combination of the two factors 
caused these exceptions. 
Most comparisons of the effects of different cytoplasms on 
agronomic characters have been made with corn. Jones (1950) 
observed that backcross derived male sterile corn lines were 
similar in all respects to^ their corresponding fertile lines, 
except in pollen production. He observed that the fertile and 
sterile lines were the same in plant height, flowering time, 
and structural details, and concluded that variations within 
species depend very little upon the cytoplasm. Rogers and 
Edwardson (1952) reported that several cytoplasmic male sterile 
maize single crosses with Texas cytoplasm performed about the 
same as the fertile cytoplasm types at one location, but that 
in another location the steriles yielded significantly more 
than the fertile hybrids. Also, a yield increase was observed 
for sterile hybrids in a test where two steriles and their 
corresponding fertile double crosses were compared. They 
hypothesized that the higher yield of the steriles might be 
attributed to the smaller amount of energy expended in the 
development of sterile as opposed to fertile tassels. 
Grogan (1956) found that detasseling increased the yield 
of corn under conditions of drought, low soil fertility, and 
above-optimum plant populations. The response was thought to 
be associated with the elimination of competition for available 
nutrients between the male and female inflorescences once the 
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tassel was removed. He reasoned that the same explanation 
could be applied to the differences observed between hybrids 
having fertile and sterile cytoplasm. 
Duvick (1958) compared seven male sterile maize hybrids 
with their normal fertile counterparts at three locations and 
six planting rates. Six of the sterile hybrids involved Texas 
cytoplasm and the other one had the USDA type of cytoplasm. 
Averaged over all hybrids, locations, and planting rates, the 
mean yield of the sterile hybrids equaled the mean of the 
fertiles. Hybrids having sterile cytoplasm tended to yield 
more and exhibited less barrenness at high populations than the 
fertile hybrids. The extent and direction of the changes due 
to cytoplasmic differences were affected markedly by both 
genotype and environment. 
Male sterile single crosses of corn were observed by 
Chinwuba et al. (I96I) to outyield their fertile counterparts 
at high plant populations. This tendency was greatest whenever 
reasonably severe stress was encountered at flowering time. 
Grogan et al. {1965) compared fertile and cytoplasmic male 
sterile corn plants for dry matter accumulation in stalks, 
leaves, tassels, husks, and whole ears for two growing seasons. 
Sterility was found to influence dry matter accumulation in 
tassels, husks, and ears, but not in leaves and stalks. The 
sterile plants produced a significantly greater number of ears/ 
plant, but the weight differences/ear between steriles and -
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fertiles were not significant; therefore the difference in 
yield was a reflection of ear number and not ear size. 
Sanford et al. (1965) designed an experiment to detect 
differences between male sterile and fertile strains of corn in 
nitrogen uptake or distribution among plant parts. More 
nitrogen accumulated in fertile than in sterile tassels, but 
this difference was not detected after pollen shedding. 
Sterile plants accumulated more nitrogen in the ears and husks 
than did the fertiles, presumably because of the greater yield 
and number of ears on the sterile plants. Only slight differ­
ences were noted for nitrogen accumulation in leaves and 
stalks. The data suggested that competition for nitrogen 
between the ear primordia and pollen caused fewer ears/plant in 
the fertiles, and consequently the nitrogen utilized in pollen 
production was partially responsible for the yield reduction. 
Stringfield (1958) tested the effects of genetic restora­
tion of fertility on the field performance of maize. A three-
year average showed that the restored fertile plants were 
significantly higher in yield than their sterile counterparts. 
Since these results contrasted with earlier findings that male 
sterile hybrids are equally as productive as their fertile 
counterparts, the author concluded that normal cytoplasm and 
restored fertility must be different in their effect. He gave 
three possible reasons for this: (1) Rf alleles exhibit 
pleitropic effects favorable to vigor and yield; (2) Texas 
cytoplasm is more efficient than the cytoplasms in U.S. inbred 
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lines, and (3) a heterotic cytoplasm by genotype interaction 
exists which is dependent upon restorer genes. He stated that 
maize cytoplasm deserves to rank as a partner to the nucleus. 
The relative performances of a cytosterile corn hybrid and 
its fertile counterpart and a restored 3-way hybrid in Texas 
cytoplasm and its fertile counterpart were investigated by 
Everett (i960). Also, the Rf and rf alleles were compared for 
their effects on yield and maturity in plants of l4 segregating 
families. Neither the cytoplasm nor the allelic condition at 
the Rf locus showed consistent effects on agronomic performance. 
There was a nonsignificant yield reduction of 6.3^  in the 3-way 
hybrid when sterile cytoplasm was used. Two significant yield 
differences occurred among the 14 families tested for influence 
of the restorer gene. In one instance the Sf allele resulted 
in a higher yield, but in the other case it resulted in a 
lower yield than rfrf. Possible causes for the variations were 
given as: (1) specific genome-cytoplasm interactions; 
(2) Rf-linked and rf-linked genes for heterotic vigor; and 
(3) chance. 
Josephson and Kincer (I962) examined corn inbreds and 
hybrids having male sterile cytoplasm with pollen fertility 
restored and not restored, and corresponding inbreds and single 
crosses having normal cytoplasm. They concluded that male 
sterile cytoplasm and the restorer gene serve chiefly to deter­
mine pollen fertility, with little effect on other characters. 
However, they did indicate that the shorter height of progenies 
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having sterile cytoplasm with pollen fertility restored, and 
the later silking in some steriles, may be due to cytoplasm 
influence. 
Noble and Russell (1963) evaluated the effects of male 
sterile cytoplasm and pollen restorer genes on hybrid perform­
ance when both are present. They studied testcrosses of six 
natural restorer inbreds and three recovered restorer inbred 
lines. The interval between pollen shedding and silking was 
reduced significantly for certain of the natural restorer lines 
when tested in crosses with lines having sterile cytoplasm. 
This was a consequence of a delay in pollen shedding. The 
same testcrosses were not significantly different from crosses 
with testers having fertile cytoplasm for grain yield or 
moisture content. However, seven of 10 comparisons for yield 
and six comparisons for moisture showed slight decreases for 
the sterile cytoplasm testers. Single crosses with T-type 
cytoplasm exhibited a 3.1^  mean reduction in yield. When the 
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three recovered restorers were testcrossed to WF9 (sterile 
cytoplasm) and fertile WF9, the yields again were lower, one 
of the three reductions being significant, when the sterile 
cytoplasm tester was used. The authors suggested that since 
yield decreases up to 5*6^  were noted for the sterile cyto­
plasm, and the decreases were consistent in RfRf lines for 
three inbreds, it would be advisable for corn breeders to give 
this problem more attention. They also pointed out that some 
of the tests reported in the literature had insufficient 
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replication to detect the small but real differences, often 
two to four percent, that can exist. 
fiesults of a three-year study on the morphology of normal, 
cytoplasmic male sterile, and restored (in sterile cytoplasm) 
counterparts of several maize lines were published by Grogan 
and Sarvella (196^ ). Sterile cytoplasm reduced significantly 
the stalk length above the ear, lengths of the individual 
internodes above the ear, and length of the tassel culm. The 
total number of internodes, the length of the stalk below the 
ear, and lengths of the sheaths were not affected by cytoplasm 
type. Restoration in sterile cytoplasm reduced internode 
number above the ear and sheath length, but did not affect 
tassel culm length. Numerous interactions were observed 
involving genotype, cytoplasm, and environment. 
Russell and Marquez-Sanchez (I966) published results 
indicating that maize yields are not affected in single cross 
hybrids when both T-type cytoplasm and the Rf gene are present. 
Sterile cytoplasm sometimes resulted in delayed pollen shedding 
and earlier silk emergence. They stated that early silking may 
be an important asset in stress environments since delayed 
silking may cause barrenness. Results showed that T-sterile 
cytoplasm and Rf genes influence agronomic characters other 
than pollen production in some genotypes. This may be a result 
of pleitropism, or of genes from the restorer source that are 
linked with the Rf locus. 
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Duvick (1965) observed that for leaf number and plant 
height, Tezas-sterile cytoplasm affects the plant prior to 
meiosis and it does so independently of its effect on pollen 
fertility. In summarizing the results of his and other experi­
ments, he stated that Texas cytoplasm consistently reduces 
yields by a small amount, but that since pollen sterility per 
se raises yields by a similar amount, only restored genotypes 
are reduced In yield. The gains and losses cancel each other 
in the comparison of cytoplasms within nonrestorer types. 
However, in restorer types, where pollen sterility is not a 
factor, the reduction in yield due to Texas cytoplasm is 
revealed. The small magnitude of the reduction in yield due 
to cytoplasm makes it imperative to have high numbers of repli­
cations for detecting the small differences and establishing 
statistical significance. The high and frequent interactions 
of the effect of pollen sterility with genotypes and environ­
ments often cause much variation in the results of tests 
comparing yields of nonrestorer hybrids in Texas sterile vs. 
fertile cytoplasm. He noted that performance of hybrids having 
Texas sterile cytoplasm has been nearly Identical to that of 
fertile cytoplasm hybrids for such characters as grain moisture 
content, resistance to stalk and root lodging, general appear­
ance of plants and ears, tendency to tiller, and resistance to 
disease. 
Fleming et al. (196O) compared cytoplasm effects by test­
ing a double-cross hybrid made in the four possible combinations 
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necessary to test each Inbred*s cytoplasm. Significant cyto­
plasmic effects were obtained for silking date, ear height, 
plant height, lodging, yield, and budworm damage. They noted 
that cytoplasm by genotype and cytoplasm by environment inter­
actions often exist. Differences in inbred performance did not 
necessarily indicate cytoplasmic effects in hybrid combination. 
However, differences that did exist were in the direction 
expected on the basis of inbred performance. 
The same procedure was used by Hunter and Gamble (1968)  to 
test cytoplasm effects, but they evaluated 11 different double-
cross hybrids each in its four possible combinations. Eleven 
agronomic characters were studied over two years and two 
locations. Significant cytoplasm effects were observed for all 
characters. Three of the 11 hybrids exhibited significant 
differences between cytoplasms for yield. Percent ear moisture 
at harvest, and mid-silk date showed cytoplasm effects in six 
hybrids. Significant cytoplasm effects ranged from as many as 
eight characters in one hybrid to none in another, indicating 
either that some cytoplasms are more active in determining 
cytoplasm effects or that some cytoplasms may interact more 
frequently with the nuclear genetic material to produce the 
effects. Cytoplasm effects showed very little variation across 
different environments. 
Sprague and McGahen (1968) converted 16 alien sources of 
maize and one of teosinte to the Bl4 genotype, retaining the 
alien cytoplasms. They noted that in some comparisons the 
16 
teosinte cytoplasm contributed to lower grain yields. However, 
they concluded that the magnitude of differences existing 
among normal cytoplasms was so small that it is of little 
importance in a breeding program. 
Mann et al. (1962) investigated the possible role of the 
Nicotiana mégalosiphon source of cytoplasmic male sterility in 
producing hybrid seed in flue-cured tobacco. Five male 
sterile varieties and 10 male sterile hybrids were compared 
with their fertile counterparts. Both plant size and leaf 
yield were reduced by incorporating sterility, and the varieties 
and hybrids having sterile cytoplasm tended to flower later 
than the fertiles. The steriles were significantly higher in 
value per hundredweight, but were lower in value per acre. 
Chaplin and Ford (1965) transferred cytoplasmic male sterility 
from nine sources representing cytoplasms of six different 
Nicotiana species into two flue-cured varieties. Two of the 
cytoplasms depressed yield, value per hundredweight, and acre 
value. One cytoplasm reduced yield and delayed flowering. 
Three of the cytoplasms resulted in early growth retardation. 
Some cytoplasms affected other agronomic characteristics of 
the plant, but in general these only have economic value as 
they are related to yield and quality. In general, the alien 
cytoplasms did not have an adverse effect on the chemical 
composition of the cured leaf. 
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Mechanism of Pollen Abortion 
Many experiments have been undertaken to determine the 
mechanism of pollen abortion. The papers which are reviewed in 
the following pages concern two principal areas concerning 
microsporogenesis, the first being morphological and cytolog-
ical, and the second being biochemical. In each of the two 
areas, the work which has been accomplished with sorghum will 
be considered first. 
Singh and Hadley (196I) conducted studies of anthers in 
sterile and fertile lines of Combine Kafir 60 grain sorghum to 
determine the cause of pollen abortion. Morphological and 
oytological details of the anthers were quite similar for 
steriles and fertiles. In post-meiotic stages the cells of the 
tapetum (the inner layer of the anther wall) took a lighter 
stain in the steriles than in the fertiles. Also, the tapetal 
cells of sterile lines showed a multinucleate condition, and 
persisted throughout the development of the microspores, while 
tapetal cells in the fertiles began degenerating as the micro­
spore mother cells progressed toward the completion of meiosis. 
These differences suggested that the first visible event lead­
ing to the abortion of pollen is initiated in the sporophytic 
tissue (tapetum) and that there may be an association between 
the nutritive role of the tapetum and the process of pollen 
abortion. 
Erichsen and Boss (I963) studied microsporogenesis in 
colchicine-induced male sterile sorghum mutants, as well as in 
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fertile lines. Abnormal tapetal cell growth projecting into 
the pollen sacs was noted in some sections prepared from male 
sterile anthers. In some sections, pollen mother cells 
appeared to be joined to tapetal cells. Although these strands 
could influence movement of nutrients from tapetal to pollen 
mother cells, they were seen only rarely and may be of little 
importance. In fertile anthers the tapetal layer began break­
ing down at about the quartet stage of meiosis, while in the 
steriles the breakdown occurred somewhat later. The authors 
concluded that the colchicine-induced cytoplasmic male sterile 
plants behave much like the male sterile Martin and Reliance 
lines, and that apparently the colchicine-induced mutation for 
cytoplasmic male sterility has the same or a similar mechanism 
as that commonly used in the production of hybrid sorghum. 
According to Brooks _et al, ( I966) ,  the tapeta in fertile 
sorghum lines at post-microspore stages were narrow and 
degenerate in radial extent while the tapeta in sterile lines 
at the same stage often were well developed or enlarged. A 
greater range of types of tapeta was observed in the sterile 
lines, and within -the steriles certain abnormalities appeared 
which were not observed in the fertiles. During the interval 
when sterility effects are most obvious, between the microspore 
and prepollen stages, approximately a twofold average increase 
in width of the tapetal layer was observed in the steriles. 
Consequently there appeared to be some association between 
sterility and radial extent of the tapetum. 
19 
Narkhede et al. (I968) examined four fertile lines, two 
male steriles, and two maintainer lines of sorghum. The 
tapetal cells in both steriles were normal, turgid, and 
occasionally with two nuclei. In one sterile, pollen degenera­
tion occurred before the first mitotic division, while in the 
other line some of the pollen grains degenerated after the 
first division. The authors attributed the variation in stages 
at which the pollen degenerated to the fact that one of the 
male sterile lines was still in the developing stage and con­
sequently was not yet cytologically or genetically stabilized. 
Further evidence to support this hypothesis was provided by 
abnormalities in meiosis noted in this line. 
Raj (1968) compared microsporogenesis and development of 
the male gametophyte, as well as tapetal behavior, in cyto­
plasmic male sterile and male fertile lines of sorghum. 
Besides the four sterile and four fertile lines, three semi-
sterile hybrids were investigated. About of the male 
gametes degenerated at pollen mother cell stage, 15-20^  at 
dyad stage, 20-65^  at tetrad stage, and 2-15^  during develop­
mental stages of microspores. No chromosome abnormalities were 
observed; instead the cytoplasm simply shrank and degenerated 
resulting in collapsed cells. In normal fertile plants the 
tapetum was cellular while in the steriles it was of the peri-
plasmodium type. In the semi-sterile hybrids the tapetal cells 
enlarged radially with large vacuoles and enlarged nuclei. 
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These hypertrophied cells filled the entire anther cavity, 
crushing the sporogenous tissue at the center. 
Morphological and cytological studies of anthers of 
fertile and sterile lines have been carried out in several 
other crops. Only a few examples of such work will be reviewed 
here. In general, the findings are quite similar to those in 
sorghum. Edwardson (1955) found meiosis to be normal in both 
male sterile and fertile corn. No cytoplasmic differences 
were noted, and no morphological or numerical differences in 
mitochondria could be detected. Jones et al. (1957a) observed 
that microsporogenesis in cytoplasmic male sterile corn plants 
was normal. The first signs of degeneration were noted only 
after the young microspores were released from the spore 
quartet. The first inhibition was noted in the development of 
the microspore wall and germ pore. Cytoplasm of the degenerat­
ing microspores appeared more vacuolate and displayed a more 
ordered alignment of inclusions than did the normal cytoplasms. 
The microspores from sterile anthers were smaller than those 
of the fertiles, even in early stages of development. At 
maturity the aborted pollen grains were very small transparent 
bodies without starch. 
Dubey and Singh (19^5) observed that with the exception of 
tapetal cell and microspore behavior, the morphological and 
cytological details of anthers were similar for male sterile 
and fertile flax lines. Again the tapetal cells in steriles 
persisted longer, and in some sterile anthers a free cytoplasmic 
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mass of tapetal cells was observed. They suggested that the 
failure of tapetal cells to degenerate at the proper stage 
causes a failure in the supply of substances required for the 
development of microspores into functional pollen grains. 
Alam and Sandal (1967) reported on experiments with fertile and 
male sterile sudangrass, and their results agreed closely with 
those reported by Dubey and Singh (1965) in flax. 
Cytological and histological studies with a male sterile 
clone of orchardgrass were conducted by Filion and Christie 
(1966). They observed chromosome number and meiotic behavior 
to be normal. Some sporogenous tissue began to degenerate at 
the initial stages of meiosis. Later, a very rapid degenera­
tion of both tapetal cells and microspores occurred. The cell 
layers of the anther wall did not develop normally, resulting 
in small, nondehiscent anthers. Chauhan and Singh (I966) 
investigated anther development and microsporogenesis in male 
fertile wheat and a male sterile line. Nr. 26. Three different 
types of abnormal development were observed in the steriles, 
and in all three types the sterility seemed to result from 
improper nourishment of the microspores due to abnormal tapetal 
behavior. 
Vasil (1967) stated that plasmodesmata are known to 
connect the tapetal cells to the meiocytes during early devel­
opment. Abnormal behavior of the tapeturn caused by factors 
such as light, heat, drought, carbohydrate deficiency, or 
mineral deficiency is followed invariably by a failure of 
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pollen development. He noted that indirect evidence suggests 
that tapetal cell breakdown products, particularly deozyribo-
sides, function as the main pools for DNA synthesis in 
meiocytes and microspores. DNA synthesis occurs only three 
times during pollen development, during premeiotic interphase, 
before microspore mitosis, and before the formation of male 
gametes. 
Cooper (1952) reported that in 1? species of angiosperms, 
globules having a high content of DNA were formed in the 
tapetum, moved into the locule, and eventually into the nuclei 
of the microsporocytes. The contents of the globules were 
observed to become associated with the paired chromosomes. The 
author related that these bodies have been thought by others to 
be: (1) the cause of abnormal divisions of the spore mother 
cells; (2) waste materials; (3) a site for protein synthesis or 
eventually themselves converted into ribose nucleic acid in the 
cytoplasm of the sporocytes, and (4) utilized by the nucleus at 
the onset of meiosis. 
In young anthers of Rhoeo discolor. Painter (19^3) found 
that the cytoplasms of both tapetal and sporogenous tissues 
were extremely rich in BNA. As the pollen mother cells 
approached meiotic divisions, the ENA disappeared from the 
cytoplasm, probably passing into the nucleus where it was 
changed into DNA. Young microspores were without basophilic 
material, but as they matured into pollen grains large amounts 
of ENA accumulated in the cytoplasm. He suggested that tapetal 
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cells are the source of the BNA which accumulates in pollen 
grains. The accumulated BNA was believed to be used in the 
rapid synthesis of new material which accompanies pollen tube 
growth. 
Moss and Heslop-Harrison (I967) followed changes in DNA, 
SNA, and protein in developing maize anthers. They believed 
that the tapetal DNA pool is not likely to be significant as a 
source for the meiocytes, at least in the early life of the 
anther, but that it is probable that the tapeturn does supply 
soluble DNA precursors. They proposed that the synthesis of 
tapetal and meiocyte SNA proceeds independently, but again the 
tapeturn might function in providing SNA precursors for the 
sporogenous tissue in the early life of the anther. They con­
cluded that there is little direct evidence to indicate that 
proteins pass through the thecal fluid, or that peptides or 
amino acids are supplied to the spores as products of synthesis 
in the tapetal cells. 
In his review paper on male sterility, Jain (1959) con­
cluded that the tapetum plays a vital nutritive role in the 
development of viable pollen. Its characteristic cataclysmic 
mode of development involves an enlargement phase followed by 
a progressive degeneration during meiotic division so that by 
the time of anthesis only vestigial remains are seen. He 
pointed out that Hick (1948) showed that the time of failure of 
microsporogenesis varied according to the stage when growth and 
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functioning of the tapeturn were retarded, accelerated, or in 
some way deviated from normal. 
Edwardson ( I962)  used electron microscopy to detect 
differences in cytoplasmic inclusions in sections of male 
sterile and i hainer lines of corn. In the root tip cells 
of male sterile plants dense inclusions were found, while in 
fertiles none was found. Tapetal cell inclusions were con­
siderably larger in sterile plants than in fertiles, and while 
well-defined membranes always enclosed the inclusions in the 
maintainer lines, indistinct membranes, and usually no mem­
branes at all, were associated with the inclusions in the 
steriles. The author theorized that the inclusions may induce 
male sterility directly or indirectly, or they may be by­
products of a reaction leading to sterility. But he cautioned 
that the inclusions may be products of cytoplasm-genome inter­
actions completely unrelated to male sterility. 
According to Jones (1957a), Monosmith ( I928)  examined the 
anthers of male sterile onion plants and found that at the time 
of microspore liberation certain tapetal cells became hyper-
trophied and invaded the anther sacs containing the micro­
spores. There the hypertrophied cells degenerated in a manner 
different from normal tapetal cells. This degeneration was 
followed shortly by the death of the microspores. Artschwager 
(1947) discovered a similar situation in male sterile sugar 
beets. The tapetal cells formed a periplasmodium after 
meiosis, and this produced pseudopodium-like incursions into 
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the anther cavity. Although the microspores were crowded 
together, they appeared normal until the Plasmodium was com­
pletely disintegrated. 
It is not known what actually kills the microspores in the 
instances related above. Nielsen (1962) pointed out that one 
type of cytological expression, prophase lethality, probably 
results from an imbalance in the synthesis systems brought 
about by introducing certain nuclear genes into foreign cyto­
plasms. Apparently the hyperactivity of such genes in their 
new cytoplasmic environment results in the formation of sub­
stances that eventually kill the developing sporocytes. It is 
quite possible that a similar system may be involved in other 
instances of sterility. 
Brooks (i960) designed a study in sorghum to establish the 
biochemical basis for cytoplasmic male sterility. Her idea was 
to study anther extracts to determine what metabolites might 
accumulate as the result presumably of altered enzyme action. 
During the microspore-prepollen stage (the terminal stage in 
steriles) no qualitative differences were detected for free 
aspartic acid, glutamic acid, serine, threonine, or alanine. 
On a dry weight basis, in Martin and Combine-60 lines, alanine 
concentration was higher in fertiles, while both serine and 
glutamic acid concentrations were higher in steriles. In 
Hedlan, these three amino acids all were in higher concentra­
tion in the fertiles. She concluded that the results did not 
appear to have any clear relationship with male sterility. 
26 
In a later study, Brooks (1962) examined the anthers of 
normal, sterile, and restorer lines of sorghum. Using paper 
chromatography, she analyzed for six free amino acids. Certain 
varieties showed an accumulation of alanine in the fertiles at 
the prepollen stage. Glycine was the only amino acid among 
those detected that qualified as a fertility-sterility differ­
ential. On a dry weight basis, anthers of the sterile lines of 
four varieties showed a significant accumulation of glycine at 
the prepollen stage. She hypothesized that the high concen­
tration of glycine in the steriles in itself might be inhibi­
tory to normal metabolism, or might cause sufficient imbalance 
to disturb normal processes. The well documented role of 
glycine in purine synthesis in animal materials was cited. 
Glycine might be prevented in some way, perhaps by some enzyme 
reaction failure, from entering into purine metabolism. This 
inhibition of purine metabolism might in turn be a causal 
factor involved in the failure of microspore mitosis. But she 
cautioned that the inhibition of microspore mitosis might be 
reflected in an accumulation of unmetabolized glycine, in this 
case the accumulation being the result of sterility instead of 
its causal mechanism. 
Pukasawa (195^ ) published the results of analyses of free 
amino acids in the anthers of fertile and male sterile wheat 
and maize. In the wheat anther extracts, the only notable 
differences detected by paper chromatography were that the 
proline spot was larger in fertiles than in steriles, and the 
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asparagine spot was much larger in the steriles than in the 
fertiles. In meiotic stages of maize the proline spots were 
smaller from the sterile extracts than from the fertiles. In 
the pollen mitosis stage, the sterile anthers contained much 
more asparagine and much less proline than did the fertiles. 
Pukasawa suggested that the differences in these two amino 
acids could be associated with pollen abortion since the 
differences were not noted till pollen degeneration occurred. 
Male sterile corn tassels analyzed by Edwardson (1955) 
were found to contain a ninhydrin-positive material after 
Division I of meiosis which was not present in fertile tassels. 
This indicated that one or more amino acids were present in the 
steriles but not in fertile plants. Khoo and Stinson (1957) 
noted that old microspores of sterile maize anthers contained 
much more asparagine than did the fertiles. At pollen grain 
stage, large quantities of proline were characteristic of 
fertile anthers, but it was absent in steriles. However, the 
greatest difference observed was the accumulation of alanine 
in sterile anthers, beginning at the quartet stage and increas­
ing in the microspore stages of development. An accumulation 
of alanine also occurred in the fertiles, but began later and 
proceeded at a slower rate. 
Jones et al. (1957a, 1957b) found that sterile (Texas 
type cytoplasm) and fertile corn anthers in premeiotic and 
meiotic stages were very similar regarding free amino acid 
content. At the quartet stage, alanine began to accumulate in 
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the sterile anthers, eventually reaching a 2- to 3-fold 
increase over the alanine content of fertile anthers. Only 
at later stages did the fertile anthers accumulate free 
alanine. This difference in alanine content appeared before 
any visible differences in sporogenous tissue were observed. 
The A, B, and S-types of cytoplasm did not show the alanine 
accumulation that the T-type did. At late stages of pollen 
development, proline was virtually absent in sterile anthers 
but was present in fertiles. Also, asparagine was present in 
much greater amounts in the steriles than in the fertiles. The 
amino acids present in anthers from restored fertile plants 
(with sterile cytoplasm) were identical to those in anthers of 
fertile hybrids with normal cytoplasm. But the restorer genes 
did not alter the cytoplasm since segregating sterile plants 
without the dominant restorer gene exhibited the same amino 
acid pattern as that of the original steriles. 
Alam (1967) observed that proline content was very low in 
both male fertile and male sterile sudangrass lines at the pre-
meiotic stage. At the pre-pollen stage a large accumulation of 
proline occurred in male fertile lines but only a very small 
amount occurred in the male steriles. Asparagine content was 
high in the sterile lines, but very low in the fertiles. Free 
amino acid contents were significantly lower at the pre-meiotic 
stage than at the pre-pollen stage, except for aspartic and 
glutamic acids. In addition to proline, the amino acids, 
alanine, glutamic acid, and tyrosine also were significantly 
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lower in male steriles than in the fertiles at the pre-pollen 
stage. Arginine, aspartic acid, histidine, isoleucine, and 
valine contents were higher in fertiles than in the steriles, 
but the differences were not significant. Dry matter, protein, 
and RNA contents were higher in male fertile anthers than in 
sterile anthers. Cytochrome oxidase activity was higher in 
fertiles than in steriles, but pronounced differences between 
fertiles and steriles for peroxidase activity were not noted. 
Alam suggested that histone might be complexed with DNA, thus 
repressing the regulator gene(s) supporting DNA-dependent ENA 
synthesis. This, in turn, may result in failure to synthesize 
a specific protein, and pollen abortion could result from the 
absence of a particular protein. 
The distributions of free amino acids in male and female 
flowers of several cucurbits were analyzed by Dasgupta and 
Kasinathan (I966). They noted that, in general, female flowers 
contained higher amounts of arginine, aspartic acid, and 
glutamic acid than male flowers. Asparagine was found only in 
female flowers. The authors pointed out the importance of 
glutamic acid, aspartic acid, and asparagine as nitrogen donors 
for protein synthesis, and as sources that are readily bio­
logically convertible to other amino acids by transamination 
and deamination. 
Many experiments have been reported where the amino acids 
in fertile pollen alone were analyzed. Ray Sarker et al. 
(19^ 9). using microbiological techniques, studied the 
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distribution of amino acids in freshly collected sweet corn 
pollen. The distribution of amino acids in pollen protein was 
more uniform than that in the germ, gluten, zein, or whole 
kernel. Of the 12 amino acids measured, cystine was present in 
the lowest amount, while glutamic acid, valine, lysine, and 
leucine were the four highest. The 12 amino acids did not 
include proline or asparagine. Bathurst (195^ ) analyzed for 
ammonia, urea, glutamine, asparagine, amino-nitrogen, total 
soluble nitrogen, and total nitrogen in pollen of nine grass 
species. Pollen samples from four grasses alsu were analyzed 
microbiologically for 1? individual amino acids. Wide vari­
ations in composition were observed between pollens from the 
different grasses. Soluble nitrogen was high in proportion to 
the total nitrogen. Asparagine occurred in much greater 
amounts than glutamine. The most abundant free amino acid was 
proline, its content in perennial ryegrass pollen reaching 
1.65^  of the dry weight of the pollen. 
Virtanen and Earl (1955) investigated the composition of 
the free amino acid fraction in the pollen of several wind-
pollinated plants. Much more proline was found in the pollen 
than in the green parts of plants. Since it had been dis­
covered previously that proline increases rapidly as ryegrass 
wilts, the authors suggested that since the dry matter content 
of pollen is so high, about 90^ , the formation of proline 
probably depends on the rapid loss of water during the forma­
tion of pollen. They believed that glutamic acid is most 
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likely the precursor of proline, because the enzymatic reaction 
L-glutamic acid^ L-proline had been established previously. 
They also observed that a noticeable increase in amides 
(asparagine or glutamine or both) often occurred in pollen. 
When comparing the free amino acid fraction in pollen with that 
in green parts of the plant, the decrease in activity of this 
fraction (due to ring formation, formation of amides, and 
increase in basic amino acids) seems to be characteristic of 
the pollen of wind-pollinated plants. 
Ozaki and Tai (I96I) studied free amino acids and amides 
in various organs of paddy rice plants. They examined differ­
ent growing stages of plants cultured in nutrient solutions 
containing different nitrogen contents. Glycine, serine, 
alanine, threonine, valine, leucine, aspartic acid, glutamic 
acid, and glutamine were detected in every organ at every grow­
ing stage, but these were found to bear no relation to the 
nitrogen content of the plant. Asparagine content paralleled 
the increase in nitrogen content of the plant. Proline 
occurred only in the pollen of fertile flowers. They also 
examined free amino acids in the anthers of rice plants having 
"straighthead" sterility, a condition thought to be caused by 
an overabundance of organic matter. The only difference noted 
was a lack of proline in the sterile plants. Both the fertile 
and sterile plants contained asparagine, but quantitative 
differences were not detected. 
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The results of research aimed at finding a biochemical 
criterion of pollen fertility were reported by Tupy (1963). 
Pollen samples of diploid and triploid apple were analyzed for 
their content of several amino acids. The amino acid present 
in greatest amount was proline, while the principal amide was 
asparagine. Diploids contained more proline and less histidine 
than triploids, both differences being highly significant. The 
author suggested that the proline-histidine quotient repre­
sented an important criterion of pollen fertility. Its value 
ranged from 1.2 to 8.1 for seven triploids, and from 17>5 to 
53*3 for seven diploids. 
Britikov and Musatova (1964) and Britikov et a2. (1964) 
reported experiments in which they analyzed for free proline 
and partially for protein-bound proline in the pollen, pistils, 
and sometimes the vegetative organs of about 200 species of 
plants. The species covered a spectrum of 63 families belong­
ing to 42 orders of angiosperms and gymnosperms. First they 
refuted the hypothesis of Virtanen and Kari (1955) that the 
accumulation of free proline may result from the dehydration of 
pollen upon maturation. They argued that this is not neces­
sarily true since pollens having either low or high moisture 
contents all possess large amounts of free proline. They found 
that pollen differed from other plant parts in that it had an 
unusually high content of proline, exceeding 1.5^  of the crude 
weight in many species. The accumulation of proline in the 
pollen began after meiosis, and according to data from 
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experiments with prollne-C^ ,^ was able to proceed because of 
the influx of proline from vegetative organs. The fact that 
the high proline content was not associated with any particular 
sexual type of plant (monoecious, dioecious, cross-pollinating, 
self-pollinating, etc.) indicated to the authors that proline 
must be involved in fundamental growth reactions occurring 
prior to pollen maturation. 
Leaves and flowers of several genetic and cytoplasmic male 
sterile cotton lines and the corresponding fertile lines were 
analyzed for amino acid content by Sarvella and Stojanovic 
(1968). The leaf samples were analyzed for both free and 
protein amino acids, but only the protein amino acids were 
studied in the flower samples. Leaves of fertile and sterile 
plants exhibited no consistent qualitative differences in 
amino acid content. In one line the leaves of the genetic male 
sterile were slightly higher in aspartic acid, glycine, 
alanine, tyrosine, and leucine contents than the leaves of the 
corresponding fertile plants. Ten days after meiosis the 
flowers of most of the sterile lines had larger amounts of 
amino acids than the flowers of fertile lines. At the time of 
anthesis these differences were even more pronounced. In both 
the fertile and sterile flowers, alanine, proline, tyrosine, 
and gamma amino butyric acid were detected in the chromatograms 
of mature flowers, were sometimes present in buds ten days 
after meiosis, but were absent in buds five days following 
meiosis. 
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Sarvella et a^ . (I967) studied protein bound amino acids 
in maize anther and stalk samples, and concluded that the total 
quantity of amino acids appeared to be more important than any 
one individual amino acid in causing male sterility. Also, 
they attempted to modify the sterility pattern in male fertile 
and male sterile plants by injecting steriles with either urea, 
proline, choline chloride, water, gibberellin, or an extract 
of fertile tassels and injecting the fertile plants with 
asparagine, beta-alanine, Dalapon, or water. Four concentra­
tions ranging from 10 to 200 ppm were used, and injections were 
made into the stalks in some plants and into the whorls in 
others. Injections were initiated when plants were about 15 
inches tall and continued until tassels were visible. In one 
year, proline injections (200 ppm) resulted in what appeared to 
be good pollen in the male sterile plants of one line. Also 
in one partial-sterile line the percentage of good pollen was 
increased relative to nontreated plants by most of the 
chemicals in the one year. Injections into the stalks appeared 
to be more effective than injections in the whorls. Male 
sterility was not induced in the restored plants by any of the 
chemicals. In the other two years, none of the treatments 
induced sterility in the fertiles or fertility in the steriles. 
Turbin et al. (1966) studied the effects of some amino 
acids on the viability of pollen in restored corn hybrids 
developed on the sterility bases of the Moldavian and Texas 
type cytoplasms. They discovered that asparagic and glutamic 
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acids and alanine stimulated germinability of pollen in the 
restored hybrids more than did valine and proline. Differences 
in effects of the amino acids on the viability of pollen 
between restored and normally fertile hybrids are conditioned 
by the requirements of the two types of hybrids for amino 
acids. The authors pointed out that this difference in 
amino acid effects is evidence of the disturbance of amino 
acid metabolism in restored hybrids. They attributed these 
disturbances to the presence of the sterile cytoplasm, whose 
harmful effect is not entirely eliminated but instead deeply 
suppressed by the introduction of restorer genes. 
In a study by Barnett and Naylor (I966) the ability of 
Bermuda grass to synthesize amino acids and proteins during 
periods of water stress was investigated. Although amino acids 
were synthesized continually during the stress, protein syn­
thesis was inhibited and protein levels decreased. Water 
stress resulted in a 10 to 100-fold increase in free proline in 
shoots and a two to six-fold accumulation of free asparagine. 
Valine content increased but glutamic acid and alanine levels 
iIL decreased. Experiments using carbon indicated that during 
water stress proline was labeled slowly relative to the 
specific activity of the other free amino acids. Proline was 
observed to be synthesized readily from glutamic acid. Appar­
ently during periods of water stress proline functions as a 
storage compound for both carbon and nitrogen, and this 
storage compound is utilized for growth upon rewatering. 
I 
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Palilova et al. (1966) determined the content of respira­
tory enzymes of the mitochondria in anthers of fertile and 
sterile corn at different stages of pollen development. The 
most distinct difference between steriles and fertiles was that 
noted for the activity of cytochrome oxidase. The curve for 
the activity of this enzyme in the fertile forms was noticeably 
higher than that in the sterile forms. A loss of activity of 
this enzyme was noted in the steriles at late stages of pollen 
development. Somewhat similar data were obtained for the 
activity of peroxidase. Dehydrogenase was detected in small 
amounts at an early microspore stage and in somewhat larger 
quantities at later stages of pollen development in the fertile 
forms. Only a small amount of polyphenol oxidase was found in 
both fertile and sterile forms. 
One might pose the questions of how effective chemicals 
are for inducing male sterility in plants, and what effects 
these chemicals have on the amino acids that have been dis­
cussed, Wit (i960) found that treatment with 2, 3-dichloroiso-
butyrate (FW-450) resulted in a high degree of male sterility 
in beets, with no accompanying reduction in female fertility or 
reduced germination of the seeds. He discussed the possibility 
of using induced male sterility in breeding heterosis vari­
eties , either as a temporary aid in the early stages of a 
breeding program, or as a permanent procedure in the production 
of hybrid seed. Moore (1950) reported that applications of 
malelc hydrazide caused varying degrees of sterility in a 
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number of plants. Sweet corn treated at a critical stage pro­
duced no viable pollen but did produce functional silks. This 
apparently was the first published report of inducing sterility 
with this chemical. Scott (I961) observed that 2,2-dichloro-
propionic acid (Dalapon) and PW-4-50 caused a condition of non-
dehiscent anthers in cotton plants. Also, he found that when 
pantothenic acid and D-ribose were applied to leaves of plants 
treated with the two gametocides, the nondehiscent anther 
response was reversed. The author pointed out that both panto­
thenic acid and D-ribose are involved in coenzyme A synthesis, 
and as coenzyme A concentration is increased by adding its 
precursors, the gametocide effect decreases. 
Livingston et al. (195^ ) investigated the nature of both 
qualitative and quantitative changes in free amino acids of 
sugar beets following treatment with 2,4-dichlorophenoxyacetic 
acid and maleic hydrazide, alone and in combination. In only 
one instance did the chemicals produce any qualitative change. 
In one year the 2,4-D and the combination treatment resulted in 
the presence of trace amounts of tyrosine, whereas the controls 
contained none. In 1951 maleic hydrazide increased the con­
tents of leucine, isoleucine, valine, and gamma amino butyric 
acid in the roots. In 1952, decreases in the amounts of 
glutamine, alanine, lysine, and tyrosine were noted five days 
after the application of maleic hydrazide and 2,4^ D (individ­
ually) , but 60 days after treatment these same amino acids all 
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had increased. Evaluated at five days after application, com­
bination treatments of 2,4-D and maleic hydrazide tended to 
cancel the particular effect of either on amino acid concen­
trations, but at 60 days the effects were additive. 
According to Patterson et sQ.. (I966) FW-^ O^ applications 
to cotton resulted in the formation of a large free amino acid 
pool in the anthers. The largest increases were observed for 
aspartic acid, glutamic acid, serine, threonine, 4-amino 
butyric acid, 2-methylalanine, and 2-methyl-beta-alanine. 
Smaller differences occurred in the protein and nonprotein 
amino acids in the ovaries, calyx, and bracts. The treatment-
induced increase of nonprotein amino acids might be attributed 
to a partial block of protein synthesis. Translocation of 
amino acids from other tissues or a synthesis shunt mechanism 
were suggested as other possible explanations for the high 
content of amino acids in the anthers. Also it was pointed out 
that the anther is known to metabolize at a higher rate than 
adjoining tissues, and since F¥-^ 50 was translocated rapidly to 
this tissue, a block of cell metabolism by the FW-450 might 
cause the accumulation of amino acids in the anther. Inhibi­
tion by FW-450 of one of the enzymes Involved in photosynthesis 
or Krebs cycle metabolism also could result in the accumulation 
of a free amino acid pool without concomitant protein synthesis. 
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MATERIALS AND METHODS 
Plant Materials 
Twenty-one grain sorghum entries were used in my experi­
ments. Seed of six hybrids with sterile cytoplasm was 
obtained in 1966 by crossing three restorer (R) lines (Texas 
7078, Plainsman, and Caprock) onto male sterile (A) lines of 
Martin (A Tx. 398) and Combine Kafir 60 (A Tx. 3197). The R 
lines have normal cytoplasm and possess dominant fertility 
restorer alleles (MsMs), while the A lines have sterile cyto­
plasm and recessive restorer alleles (msms). The hybrids have 
sterile cytoplasm and are heterozygous at the restorer locus. 
Seed of the analogous six hybrids having normal cytoplasm was 
produced in 19^ 5 and 1966. Heads of the Martin and Kafir 60 B 
lines (msms and normal cytoplasm) were hand emasculated and 
crossed by the approach method with each of the R lines. These 
hybrids have normal cytoplasm and are heterozygous at the 
restorer locus. 
In addition to the A, B and R lines and the 12 hybrids, 
two lines that have sterile cytoplasm and are homozygous 
dominant at the restorer locus were included in the study. 
These lines were produced by crossing an exotic line from 
India (Bombay Sel. ClO-2) to A Kafir 60 and an exotic Egyptian 
line (Giza 5^ ) to A Martin. Five generations of backcrossing 
of F^  plants from these crosses to the respective A lines, 
followed by five generations of selfing, selection for the 
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recurrent parent type, and testing for fertility restoration, 
resulted in derived lines that appear to be morphologically 
identical to either Kafir 60 or Martin, except for slightly 
larger seed size. Counterpart versions of the Kafir 60 and 
Martin A lines that possess homozygous dominant fertility 
restoration alleles and sterile cytoplasm thus were obtained. 
They will be referred to henceforth as recovered H lines. Seed 
of these two lines, plus the parents of the hybrids, was pro­
duced in 1966. Seed of the hybrids with fertile cytoplasm was 
produced in the Agronomy greenhouse. For all other entries, 
seed used to plant the experiments was field grown at the Iowa 
State University Agronomy Farm near Ames. 
Cytoplasm and Restorer Gene Effects 
The experiment designed to test the effects of sterile vs. 
fertile cytoplasm and effects of the Ms vs. ms allele was con­
ducted in 1967 and 1968 at the Agronomy Farm, Ames, Iowa. In 
both years the experiment was planted in late May. Although 
the late summer was relatively dry in 1967, conditions were 
highly favorable for plant growth and development in both 
years. Each year the 21 entries were grown in a randomized 
complete block design with six replicates. Individual plots 
consisted of single 12-foot rows spaced 40 inches apart, with 
the center 10 feet harvested for grain yields. Seed quantities 
for the hybrids with normal cytoplasm were limited; therefore, 
the rows for all entries were seeded with a jab-planter in 
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hills six inches apart. Four seeds/hill were planted, but each 
hill was thinned to one plant when plants were 4 to 6 inches 
tall. When heads began to emerge from the flag leaf, 10 repre­
sentative plants within the central 10 feet in each plot were 
tagged and field notes were recorded individually on these 
plants. 
During flowering, two branches were taken from each of two 
heads on plants outside the central 10 feet. These branches 
were obtained from the area immediately below the extruded 
anthers, dried naturally, and later were used in evaluating 
pollen sterility. About mid-October, heads from each plot were 
severed with a knife, placed in a loose-mesh cloth bag, and 
dried at l6o° F for approximately three days. Main stalk heads 
and tiller heads were harvested separately. After removal from 
the dryer, bags were hung in an unheated shed for about one 
week before threshing to help equalize grain moisture content 
among the entries. 
In addition to the two field experiments, the 21 entries 
were planted in a randomized complete block design, with three 
replicates, in the Agronomy greenhouse during 1968. A plot 
consisted of a single plant in an individual pot. Only one 
character, pollen sterility percentage, was evaluated from 
these plants. 
In both field tests the entries were evaluated for grain 
yield, number of heads/plant, number of seeds/head, weight of 
100 seeds, number of days to mid-bloom, height to top of head, 
42 
leaf area, pollen sterility percentage, and crude protein per­
centage. Protein-bound amino acids also were measured for the 
1967 material. 
Since moisture content of the threshed grain in 196? 
varied appreciably among entries, moisture percentages were 
determined individually for each plot using a Steinlite meter. 
Preliminary moisture determinations in 1968 showed that the 
grain moisture was close to for all entries, therefore 
moisture percentages for each plot were not determined. In 
both years, grain yields were recorded to the nearest gram and 
adjusted upward to moisture content. 
Number of heads/plant was calculated by dividing the total 
number of heads harvested by the number of plants in the plot. 
The number of seeds/head and weight of 100 seeds were deter­
mined only for the main stalk heads. Number of seeds/head was 
calculated by first dividing total grain yield of the main 
stalk heads by the number of main heads harvested, and then 
dividing this figure by the average weight of one seed. Aver­
age seed weight was determined to the nearest centigram from 
100-seed samples counted from the threshed grain of main stalk 
heads. 
Days to mid-bloom, plant height, and area of the third 
leaf from the top of the plant were measured individually on 
10 plants within each plot. Mid-bloom was defined as the stage 
when about 95^  of the main stalk heads showed extrusion of 
anthers in the top half of the head, and was recorded as days 
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from planting. Plant height in cm was measured at maturity 
from the soil surface to the top of the heads. Leaf area 
(cm^ ) was calculated according to the method outlined by 
Stickler et al. (1961), i.e., multiplying maximum length by 
maximum width by 0.75» The leaves used for leaf area evalua­
tions were taken from the plants after physiological maturity 
had been attained. 
One pollen sterility determination was made for each plot 
of the 1967 field experiment. A total of six to eight anthers 
from four branches obtained from the two plants was used to 
make each slide. Anthers were placed on the slide, a drop of 
iodine-potassium iodide was added, the anthers were macerated 
with a tweezers, and anther wall tissue was removed before 
adding the cover slip. The I2-KI solution was prepared accord­
ing to directions given by Brooks and Brooks (I967). 
Three microscope fields were examined for each slide, with 
the number of pollen grains observed per field varying from 15 
to 100. Only those pollen grains taking a moderately dark to 
very dark stain (iodine staining the starch) were classed as 
fertile. Pollen grains that stained lightly or not at all were 
recorded as sterile. Sterility was expressed as a percentage 
obtained by dividing the number of sterile grains by the total 
number of pollen grains observed. For samples from the I968 
field experiment the same procedure was used except that one 
slide was prepared from each plant; consequently two slides 
were analyzed and two separate sterility percentages were 
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recorded for each plot. Two slides were prepared for each 
plant (plot) of the I968 greenhouse experiment, but the data 
from the six microscope fields observed were averaged to give 
one sterility value. Also, slides from the greenhouse material 
were prepared from fresh rather than dried anthers. 
In each year samples of each entry from three of the six 
replicates of the field experiment were used for crude protein 
evaluations. The sample of 100 seeds from each plot was 
pulverized in a Wiley mill and dried in an oven at 50 to 60° C. 
The Microkjeldahl method was used to determine crude protein 
percentage. Two laboratory determinations were made for each 
plot sample, consequently a total of six analyses were per­
formed for each entry in each year. 
In 196?, portions of the pulverized grain remaining after 
protein samples had been drawn were bulked into a single sample 
for each entry. These samples were analyzed for protein amino 
acids by the method outlined by Gehrke and Stalling (1967). 
Fats and lipids first were extracted from the samples by use of 
diethyl ether. Samples then were hydrolyzed in constant-boil­
ing HCl (6N) for 20 hours. N-Butyl N-trifluoroacetyl amino 
acid derivatives were prepared and analyzed on an F & M model 
810 gas chromatograph equipped with dual hydrogen flame 
detectors. Norleucine was utilized as the Internal standard. 
The columns were packed with neopentylglycol succinate on 
chromosorb W. Amino acids were calculated both as percentage 
of protein and percentage of the dry sample. 
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For those characters where measurements were recorded 
separately on 10 plants/plot, or where subsampling was used for 
laboratory analyses, the individual year analyses of variance 
were calculated from individual plant or subsample data. Plot 
means were used in the individual year analyses for the other 
characters and for all characters in the analyses combined over 
years. 
Free Amino Acid Determinations 
Free amino acid determinations were made from anther 
samples obtained from plantings made in the field in 1967 and 
1968, and from plants grown in the greenhouse in I969. The six 
entries included in this portion of the study were the A and 
B lines of Kafir 60 and Martin, plus the two recovered R lines. 
During the summer of I967, preliminary samplings were 
made to determine the stage of head emergence best suited for 
obtaining heads with anthers that exhibited a range in stages 
of pollen development. To obtain meiotic and pre-meiotic 
stages it was necessary to sample the plants when the tip of 
the head was between the second and third leaves from the top 
of the plant. The microspore stage could be obtained when the 
tip of the head was near the flag leaf, and pollen could be 
found in the anthers once the head had initiated emergence. 
In many heads all three stages could be found—meiosis at the 
bottom, microspores in the middle, and pollen at the top. In 
both years, heads in the various stages of microsporogenesis 
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were collected in early August. All sampling was accomplished 
before noon each day since the greatest range of meiotic 
stages could be obtained at that time. 
Immediately after extracting the head from the enfolded 
leaves, one branch was taken from the bottom, one from the 
middle, and one from the top. The three branches then were 
tagged and placed in a bottle containing a solution of three 
parts absolute ethyl alcohol to one part glacial acetic acid. 
The area on each sampled head from which the middle branch was 
taken also was marked with a tag. Each sampled head was 
labeled, inserted in a cellophane bag, placed in dry ice, and 
a few hours later stored in a freezer. The 3:1 solution was 
drained from the bottles approximately 48 hours after the 
collections were made, and replaced with 70^  ethyl alcohol. 
The branches were left in the 70^  alcohol until they were 
analyzed cytologically. 
To determine the stage of pollen development that each 
branch was in, a centrally located floret was taken from the 
branch and an acetocarmine smear made of the anthers. Anthers 
of the B lines and recovered R lines were classified into 
three stages: tetrad and earlier, microspore, and pollen. 
Since the two A lines did not reach pollen stage, only the 
first two classifications applied to them. 
The classification procedure was continued until three to 
six branches had been found for each stage for each line. 
Theoretically, the area of the head from which the branches had 
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been extracted contained numerous anthers exhibiting the same 
stage of pollen development. Anthers were collected from these 
areas and placed in appropriately labeled vials. Anthers from 
three to six heads were collected for each stage for each line. 
Since it was desirable to prevent frequent thawing and refreez-
ing, the anther vials were kept in a freezer at approximately 
0° to 10° F at all times. As the anthers were collected they 
were placed on waxed paper and later added to the vials to 
minimize the exposure time of the previously frozen anthers to 
room temperature. The frozen anther samples were vacuum-dried 
and weighed to the nearest tenth of a milligram. Weights of 
the samples ranged from 10 to 60 mgs. The number of anthers 
per sample ranged from approximately 150 to 350. 
The dried anthers were pulverized in water in a ground 
glass homogenizer. The addition of a solution of sulfosali-
cylic acid and norleucine to the anther-water mixture was 
followed by centrifugation at 10,000 rpm for 20 minutes. The 
sulf©salicylic acid serves to precipitate the protein, and the 
norleucine acts as the internal standard amino acid. The pH 
of the solution was adjusted to 7.0 and, after a minimum of 
six hours, was adjusted to 2.0. The samples then were frozen 
until the amino acid analyses were performed. 
Samples were analyzed on a Technicon automatic amino acid 
analyzer in the Iowa State University Poultry Science Depart­
ment. The amino acids detected were aspartic acid, threonine, 
serine, asparagine, glutamic acid, glutamine, proline, glycine, 
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alanine, methionine, isoleucine, leucine, tyrosine, phenyl­
alanine, lysine, histidine, arginine, cystine, valine, and the 
internal standard, norleucine. Areas under the peaks were 
determined and the concentration of each amino acid was cal­
culated. Concentrations are reported both as micrograms of 
amino acid per milligram of dry anther and as micromoles of 
amino acid per gram dry anther. 
The procedure used for sampling the greenhouse plants was 
somewhat different from that used for the field material. With 
the assistance of Drs. H. T. Horner and N. B. Lersten of the 
Iowa State University Botany Department, an association between 
anther length and stage of pollen development was defined. The 
same classifications of stages of microsporogenesis used with 
the field grown materials were delineated for the greenhouse 
samples, i.e. tetrad and earlier, microspore, and pollen. 
Anthers were measured with an ocular micrometer positioned in 
a dissecting microscope. Tetrad and earlier stages were 
obtained from anthers less than 1,5 mm. long, the microspore 
stage was found in anthers ranging from approximately 1,5 to 
2,5 mm, and pollen stages were observed in anthers greater than 
2.5 mm in length. Acetocarmine smears were made occasionally 
to check the length-stage association. Again, the anthers were 
placed in vials in accordance with their classification and 
were kept frozen. Some thawing occurred during periods of 
collection for this material, but the vials were kept in an ice 
water bath when not in the freezer. 
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The remainder of the procedure was essentially as 
described for the field material, except for the amino acid 
analyses. The samples were analyzed on a Technicon automatic 
amino acid analyzer in the Animal Science Department, and 
norvaline was used as the internal standard amino acid. Since 
the first column used did not separate asparagine and threonine, 
and asparagine was considered to be particularly important in 
this study, a second column was used which achieved the sepa­
ration. An integrator connected to the analyzer was used to 
determine the areas under the peaks, and a program to compute 
concentrations from the areas was developed. The results were 
obtained directly in terms of micrograms of amino acid per 




Environmental conditions at Ames, Iowa during I967 and 
1968 were conducive to rapid growth and relatively high yields 
of sorghums. Mean yield in bushels/acre for all entries in 
the experiment in I968 was 90, and in 196? an average of 79 was 
obtained. The higher yield in I968 was related, at least in 
part, to a more even distribution of rainfall throughout the 
growing season. 
Analyses of variance for yield, yield components, protein 
content of the seed, pollen sterility, days to mid-bloom, 
plant height, and leaf area were performed both on the data 
combined over years and on the individual year data. The com­
bined analyses relative to main treatment effects are pre­
sented in this section of the dissertation. Analogous individ­
ual year analyses are tabulated for reference in the Appendix. 
Partitions of the among entries variation into single degree 
of freedom comparisons are presented for the individual year 
data in this section. The entries and entries x years sources 
of variation of the combined analyses also were partitioned 
into single degree of freedom comparisons that are presented in 
the Appendix. 
Protein amino acids were analyzed only for the I967 field 
experiment, and pollen sterility in greenhouse-grown material 
was examined only in 1968. Analyses of variance for these 
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characters are inclxjded in the Results section. Means for 
individual entries, as well as group means for the sterile (A) 
lines, maintainer (B) lines, natural restorer (R) lines, 
recovered restorer (Rec. R) lines, hybrids with fertile cyto­
plasm (?), and hybrids with sterile cytoplasm (S) are pre­
sented separately for the individual years. Within the hybrids 
group, means also are presented separately for each of the two 
types of cytoplasms for Kafir 60 hybrids, Martin hybrids, and 
for each pair of hybrids having a different pollinator. 
Tables 1 and 2 show the analyses of variance for grain 
yield, 100-seed weight, number of seeds/head, number of heads/ 
plant, and protein content of the seed. Variations due to 
years and to entries x years were highly significant for all 
characters except heads/plant. Means at the bottom of Table 3 
show that the 196? experiment was characterized by lower grain 
yields and 100-seed weights, higher numbers of seeds/head, 
slightly higher numbers of heads/plant, and considerably higher 
protein contents than the I968 test. The mean squares for 
entries (Tables 1 and 2) were highly significant for yield, 
seeds/head, heads/plant, and protein content, but not for 100-
seed weight. When the sums of squares for entries were par­
titioned into variation among lines, hybrids, and lines vs. 
hybrids, significant variations for 100-seed weight still were 
not exhibited. The entries x years mean square was used as the 
error term in F tests of these sources of variation in the 
combined analyses. The lack of significant variation for 
Table 1. Analyses of variance for grain yield and yield components for combined 











Replleates/years 10 45,745* 0.109** 222,168** 0.139** 
Years 1 3.082,511** 9.466** 3,908,802** 0.037 
Entries 20 639,701** 0.518 2,505,259** 0.277** 
Lines 8 229,864** 0.910 2,382,467** 0.576** 
Hybrids 11 236,519** 0.279 536,533* 0.079* 
Lines vs. hybrids 1 8,353.390** 0.009 25,143,585** 0.069 
Entries x years 20 62,739** 0.390** 164,437** 0.026 
Pooled error 200 21,865 0.017 60,922 0.019 
. In this table and all tables hereafter, one and two asterisks 
indicate significant differences at the five and one percent probability levels, 
respectively. 
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Table 2. Analysis of variance for protein content of seed 









Replicates/years 4 0.275 













Entries x years 20 0.982** 
Pooled error 80 0.225 
100-seed weight among the different entry categories appears 
to be related, at least in part, with the relatively large 
entries x years interaction for this attribute. Significant 
variations were shown for 100-seed weights for the different 
entry categories in the individual year analyses (Appendix 
Table 31)• Significant variation was indicated for all other 
characters for all sources of variation listed in Tables 1 and 
2, with the exception of heads/plant for the lines vs. hybrids 
source. 
Mean squares for days to mid-bloom, plant height, leaf 
area, and pollen sterility are given in Table 4. Variations 
due to years, entries, and entries x years were highly sig­
nificant for all characters except for pollen sterility, which 
Table 3. Means for individual entries for grain yield, 100-seed weight, number of 
seeds/head, heads/plant, and protein content in seed, measured in 1967 
and 1968 at Ames, Iowa 
Variety Grain yield 100-seed wt. Seeds/head Heads/plant Protein 
or hybrid (g/plot) (g) 
1967 1968 
in seed (#) 
1967 1968 1967 1968 1967 1968 1967 1968 
Kafir 60 (A) 1093 1282 1.83 3.21 2594 1786 1.23 l.C6 12.87 13.21 
Martin (A) 1254 1568 2.05 3.09 2841 2357 1.09 1.08 15.56 13.81 
Kafir 60 (B) 1194 1517 1.78 2.45 3022 2707 1.16 1.10 11.83 9.30 
Martin (B) 1377 1699 1.94 2.34 3282 3350 1.08 1.09 15.12 11.54 
Texas 70?6 (H) 1443 1843 1.85 2.25 3004 2864 1.68 1.68 13.95 11.02 
Plainsman (R) 1463 1453 1.67 1.80 3687 3253 1.44 1.48 12.25 10.78 
Caprock (R) 1326 1855 1.46 2.20 3940 3185 1.49 1.57 13.40 11.11 
Kaf.60 (Reo.R) 1231 1546 1.89 2.47 2839 2680 1.21 1.23 11.88 9.54 
Martin (Rec.R) 1230 1507 2.05 2.46 2664 2715 1.20 1.16 15.16 12.96 
Kaf. X Tx.(F) 1922 2021 2.22 2.30 3603 3420 1.36 1.32 11.70 9.63 
Kaf. X Tx.(S) 1972 2069 2.40 2.29 3406 3372 1.43 1.43 12.01 9.85 
Kaf. X Pl.(F) 1621 1639 2.00 2.06 3639 3326 1.18 1.17 11.55 9.53 
Kaf. X PI.(8) 1605 1691 1.99 2.14 3538 3288 1.23 1.17 12.19 10.05 
Kaf. X Cap.(?) 1829 2119 1.99 2.46 3997 3555 1.21 1.17 12.08 9.74 
Kaf. X Cap.(S) 1671 2067 1.92 2.47 3738 3574 1.27 1.16 12.99 9.91 
Mar. X Tx.(?) 1758 1889 2.24 2.35 3443 3289 1.22 1.28 13.51 10.58 
Mar. X Tx.(S) 1704 1882 2.27 2.37 3320 3102 1.20 1.4l 14.11 11.32 
Mar. X PI.(?) 1651 1692 1.96 2.01 3598 3541 1.29 1.23 13.09 10.58 
Mar. X PI.(S) 1579 1662 1.78 1.94 3784 3787 1.37 1.11 13.40 10.93 
Mar. X Cap.(F) 1659 1926 1.87 2.18 3986 3841 1.14 1.12 14.22 10.83 
Mar. X Cap.(8) 1705 2004 1.89 2.33 3915 3617 1.23 1.19 14.21 11.25 
X 1537 1759 1.95 2.34 3420 3172 1.27 1.25 13.19 10.83 
LSD .05 126 203 0.14 0.16 248 313 0.17 0.15 0.62 0.89 
LSD .01 167 269 0.18 0.21 329 4l4 0.22 0.19 0.83 1.19 
Table 4. Analyses of variance for days to mid-bloom, plant height, leaf area, and 
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did not show a significant entries x years interaction. The 
lines, hybrids, and lines vs. hybrids mean squares also were 
highly significant for these characters. Means in Table 5 
indicate that in 196? plants bloomed considerably later, were 
slightly taller, produced less leaf area and exhibited more 
pollen sterility than they did in 1968. Table 6 shows the 
analysis of variance for pollen sterility as measured under 
greenhouse conditions in 1968. The variation among entries was 
highly significant. Further partitioning of this source showed 
that the lines and lines vs. hybrids mean squares were highly 
significant, but the hybrids did not differ significantly for 
pollen sterility. 
Tables 7 through 11 show the partitioning of the lines and 
hybrids sources of variation into single degree of freedom com­
parisons. The lines vs. hybrids comparison also is presented. 
Comparisons numbered 4, 5» H, 12, 13. l4, and 15 are non-
orthogonal but were included because they are among the more 
meaningful comparisons for evaluation of the different cyto­
plasmic and genie combinations. Means for the specific com­
parisons are presented in Tables 12 through 15. 
The first four single degree of freedom comparisons 
(No's. 2, 3t 4 and 5) listed under "lines" in Tables 7 through 
11 are of special interest for considerations of cytoplasmic 
and genie effects. The comparison of A vs. B lines shows the 
effect of fertile vs. sterile cytoplasm in a genetic background 
of homozygous recessive restorer alleles in pure line 
Table 5* Means for individual entries for days to mid-bloom, plant height, leaf 
area, and pollen sterility, measured in I967 and 1968 at Ames, Iowa 
Variety Days to Plant height Leaf area Pollen sterility {.%) 
or hybrid mid-bloom (cm) (cm^ ) Green-
1967 1968 1967 1968 1967 1968 1967 1968 house 
Kafir éO (A) 91.8 81.3 124.3 110.2 343 389 100.0 100.0 100.0 
Martin (A) 88.8 80.8 118.7 114.5 388 474 100.0 100.0 100.0 
Kafir 60 (B) 89.1 79.2 122.4 108.1 359 397 11.9 7.0 13.2 
Martin (B) 86.7 79.2 120.4 114.9 385 437 16.5 8.5 10.0 
Texas 7078 (R) 86.8 80.5 101.8 99.7 386 425 13.7 8.2 12.3 
Plainsman (B) 86.6 79.2 86.1 84.8 487 500 12.2 7.2 22.5 
Caprock (R) 91.0 81.9 111.3 107.1 606 608 20.5 12.9 8.3 
Kafir 60 (Rec. R) 88.0 80.2 125.0 110.1 378 405 18.6 18.2 17.5 
Martin (Rec. R) 87.4 78.6 115.2 109.0 367 440 28.6 15.0 14.3 
Kaf, X Tx. (F) 85.1 77.8 127.7 120.5 4l6 447 9.1 12.2 7.4 
Kaf. X Tx. (S) 83.9 76.8 124.3 120.2 392 442 18.1 23.8 23.5 
Kaf. X PI. (F) 85.3 78.4 103.8 100.3 429 476 30.5 15.7 5.6 
Kaf. X PI. (S) 85.0 76.7 104.3 102.2 429 454 24.8 21.3 12.6 
Kaf. X Cap. (F) 88.1 80.3 125.1 117.3 473 508 28.1 16.8 10.8 
Kaf. X Cap. (S) 88.0 79.1 125.6 121.1 445 494 39.3 37.3 12.4 
Mar. X Tx. (F) 85.3 78.1 119.6 114.0 417 471 11.7 10.4 8.7 
Mar. X Tx. (S) 84.9 77.7 118.7 114.4 413 470 19.8 14.3 9.7 
Mar. X PI. (F) 85.6 78.0 106.9 102.8 441 488 9.9 5.9 6.9 
Mar. X PI. (S) 87.2 78.9 110.1 106.4 441 485 18.7 18.2 6.4 
Mar. X Cap. (F) 88.4 80.6 127.9 119.1 477 534 11.8 10.4 8.3 
Mar. X Cap. (S) 88.4 78.5 130.3 126.9 501 522 13.3 16.8 11.6 
X 87.2 79.1 116.6 110.6 427 470 26.5 22.9 20.1 
LSD .05 1.5 1.2 2.8 3.1 24 19 8.4 9.2 12.7 
LSD .01 2.0 1.5 3.7 4.1 31 25 11.1 12.1 17.0 
58 
Table 6. Analysis of variance for pollen sterility percent­





















Error 40 59.53 
Coeff. of variation, % (38.3) 
varieties. The A and B lines differed significantly for every 
character except heads/plant and plant height. For 100-seed 
weight and leaf area the differences were significant in 1968, 
but not in I967. Tables 12 and 13 indicate that A lines 
exhibited lower yields and numbers of seeds/head, higher 100-
seed weights and protein contents, later blooming dates, and, 
of course, higher pollen sterility percentages. In 1968 the 
A lines had significantly greater leaf area than the B lines; 
but in 1967 differences between the two types were not sig­
nificant, although the mean for A lines was slightly lower. 
Although the comparison of natural restorer vs. recovered 
restorer lines also involves lines with different types of 
cytoplasm, meaningful conclusions in relation to the effects of 
fertile vs. sterile cytoplasms cannot be made, since genetic 
Table 7» Mean squares for single degree of freedom comparisons for grain yield and 
100-seed weight measured in 196? and I968 at Ames, Iowa 
Mean squares 
Comp Source of Grain yield 100-seed weight 
no. variation D.F. 1967 1968 1967 1968 
1 Lines vs. hybrids 1 5,789,334** 2,826,734** 1.334** 1.667** 
Lines 8 88,934** 205,897** 0.209** 1.138** 
2 A vs. B 1 75,488* 201,300* 0.037 3.398** 
3 R vs. Rec. R 1 233,712** 259,920** 0.691** 1.040** 
4 A vs. Rec. R 1 19,437 62,220 0.007 2.822** 
5 B vs. Rec. R 1 18,315 39,691 0.076* 0.027 
6 Kaf. A vs. Mar. A 1 77,281* 246,533** 0.145** 0.044 
7 Kaf. B vs. Mar. B 1 101,017** 99,736 0.083* 0.034 
8 Kaf.Rec.R vs. Mar.Rec.R 1 1 4,563 0.078* 0.001 
9 Tx. vs. PI. & Cap. 1 9,312 143,262* 0.327** 0.245** 
Hybrids 11 93,694** 185,767** 0.218** 0.181** 
10 F vs. S cyto. 1 20,808 4,l4l 0.001 0.017 
11 Kaf. (F) vs. Kaf. (S) 1 15,376 2,417 0.010 0.007 
12 Mar. (F) vs. Mar. (S) 1 6,400 1,750 0.018 0.010 
13 Tx. (F) vs. Tx. (S) 1 17 2,583 0.064* 0.000 
14 PI. (F) vs. PI. (S) 1 11,926 805 0.052 0.000 
15 Cap. (F) vs. Cap (S) 1 18,648 1,040 0.005 0.045 
16 Kaf. vs. Mar. in F 1 92,416** 73,893 0.016 0.077 
17 Kaf. vs. Mar. in S 1 67,600* 77,934 0.132** 0.068 
18 Tx. vs. PI. & Cap. in F 1 179,401** 98,494 0.605** 0.183** 
19 Tx. vs. PI. & Cap. in S 1 314,425** 113,924 1.540** 0.094** 
20 (Pl. vs. Cap. in F) vs. 
(PI. vs. Cap. in S) 1 374 8 0.013 0.021 
Error mean square 100 12,172 31,558 0.015 0.020 
Table 8. Mean squares for single degree of freedom comparisons for number of seeds/ 
head and number of heads/plant measured in I967 and I968 at Ames, Iowa 
Mean squares 
Comp. Source of Seeds/head Heads/plant 
no. variation D.F, I967 I968 I967 I968 
1 Lines vs. hybrids 1 9.917,154** 15,540,889** 0.018 0.056 
Lines 8 1,260,808** 1,426,792** 0.247** 0.345** 
2 A vs. B 1 1,132,742** 5,487,441** 0.008 0.003 
3 R vs. Rec. R 1 4.523.590** 1,167,089** 0.791** 1.075** 
4" A vs. Rec. R 1 6.734 2,351,882** 0.011 0.084* 
5 B vs. Rec. R 1 964,806** 654.390** 0.039 0.057 
6 Kaf. A vs. Mar. A 1 183,274 977,552** 0.066 0.001 
7 Kaf. B vs. Mar. B 1 202,540* 1.239,704** 0.018 0.000 
8 Kaf.Rec.R vs. Mar.Rec.R 1 92,050 3.675 0.000 0.015 
9 Tx. vs. PI. & Cap. 1 2,624,940** 502,445* 0.179** 0.098* 
Hybrids 11 303,402** 281,605** 0.045* 0.070** 
10 F vs. S cyto. 1 160,461 26,758 0.056 0.016 
11 Kaf. (F) vs. Kaf. (S) 1 311,922* 4.556 0.034 0.010 
12 Mar. (F) vs. Mar. (S) 1 64 26,841 0.023 0.007 
13 Tx. (F) vs. Tx. (S) 1 153,920 82.603 0.005 0.089* 
14 PI. (F) vs. PI. (S) 1 10,795 65,313 0.023 0.024 
15 Cap. (F) vs. Cap. (S) 1 164,342 63,243 0.034 0.006 
16 Kaf. vs. Mar. in F 1 45,298 135,301 0.010 0.001 
17 Kaf. vs. Mar. in S 1 114,019 73.712 0.018 0.002 
18 Tx. vs. PI. & Cap. in F 1 636,192** 357,013* 0.053 0.128** 
19 Tx. vs. PI. & Cap. in S 1 1,159,003** 868,123** 0.014 0.558** 
20 (Pl. vs. Cap. in F) vs. 
(PI. vs. Cap. in S) 1 129,688 128,547 0.001 0.027 
Error mean square 100 47,054 74,789 0.021 0.017 
Table 9. Mean squares for single degree of freedom comparisons for protein content 
in seed and days to mid-bloom measured in I967 and I968 at Ames, Iowa 
Mean squares 
Comp Source of Protein content Days to mid -bloom 
no. variation D.F. 1967 1968 1967 1968 
1 Lines vs. hybrids 1 12.40** 38.98** 1,506.08** 872.93** 
Lines 8 12.87** 14.98** 215.89** 76.57** 
2 A vs. B 1 3.26** 57.10** 345.60** 209.07** 
3 R vs. Rec. R 1 0.72 0.57 14.58 88.45** 
4- A vs. Rec. R 1 2.93** 30.74** 400.42** 165.00** 
5 B vs. Rec. R 1 0.01 4.05* 2.02 2.60 
6 Kaf. A vs. Mar. A 1 21.63** 1.06 282.13** 8.53 
7 Kaf . B vs. Mar. B 1 32.47** 15.08** 182.53** 0.13 
8 Kaf.Rec.R vs. Mar.Rec.R 1 32.28** 35.12** 13.33 81.68** 
9 Tx. vs. PI. & Cap. 1 5.05** 0.02 156.03** 0.10 
Hybrids 11 5.90** 2.47** 159.82** 87.05** 
10 F vs. 8 cyto. 1 3.83** 2.93* 1.25 152.17** 
11 Kaf. (F) vs. Kaf. (S) 1 3.46** 0.83 28.90 153.40** 
12 Mar. (F) vs. Mar. (S) 1 0.82 2.29 14.40 25.60 
13 Tx. (F) vs. Tx. (S) 1 1.25* 1.38 40.02 27.34 
14 PI. (F) vs. PI. (S) 1 1.36* 1.13 24.70 10.00 
15 Cap. (F) vs. Cap. (S) 1 1.22* 0.53 0.34 168.34** 
16 Kaf. vs. Mar. in F 1 30.14** 9.57** 5.63 0.10 
17 Kaf. vs. Mar. in S 1 20.58** 13.67** 133.23** 58.40* 
18 Tx. vs. PI. & Cap. in F 1 0.13 0.03 223.33** 157.73** 
19 Tx. vs. PI. & Cap. in S 1 0.15 0.02 614.20** 86.11** 
20 (Pl. vs. Cap. in F) vs. 
(PI. vs. Cap. in S) 1 0.00 0.06 15.41 48.13* 
Error mean square 0.294 0.606 17.39 10.14 
Error degrees of freedom 40 40 100 100 
Table 10. Mean squares for single degree of freedom comparisons for plant height and 










1 Lines vs. hybrids 1 7,039.71** 16,339.65** 251.837** 275,810** 
Lines 8 9,743.56** 5,133.63** 420,666** 279,711** 
2 A vs. B 1 1.35 43.35 2,610 12,594* 
3 R vs. Rec. R 1 29,963.52** 11,021.18** 1,048,660** 562,059** 
A vs. Rec. R 1 121.84 445.54* 3,015 4,393 
5 B vs. Rec. R 1 97.54 210.94 15 2,111 
6 Kaf. A vs. Mar. A 1 946.41** 550.41** 59.516** 214,944** 
7 Kaf. B vs. Mar. B 1 126.08 1,380.41** 21,177* 47.193** 
8 Kaf.Rec.R vs. Mar.Rec.R 1 2,900.83** 36.30 3,179 37,581** 
9 Tx. vs. PI. & Cap. 1 384.40* 557.51** 1,028,064** 662,602** 
Hybrids 11 5,785.50** 4,611.82** 57,387** 48,886** 
10 F vs. S cyto. 1 23.11 1,479.20** 5,085 15.378* 
11 Kaf. (F) vs. Kaf. (S) 1 59.21 284.44 26.327* 15,989* 
12 Mar. (F) vs. Mar. (S) 1 210.07 1,408.18** 3,771 2,394 
13 Tx. (F) vs. Tx. (S) 1 279.50* 0.34 11,463 415 
14 PI. (F) vs. PI. (S) 1 199.84 448.27* 0 9.519 
15 Cap. (F) vs. Cap. (S) 1 119.00 2,012.60** 290 9.382 
16 Kaf. vs. Mar. in F 1 50.63 53.67 3,218 37,271** 
17 Kaf. vs. Mar. in S 1 227.21 177.80 78,616** 73.213** 
18 Tx. vs. PI. & Cap. in F 1 4,748.33** 4,351.25** 118,311** 144,336** 
19 Tx. vs. PI. & Cap. in S 1 1,235.07** 812.81** 209,850** 84,786** 
20 (Pl. vs. Cap. in F) vs. 
(PI. vs. Cap. In S) 1 5.21 280.60 153 0 
Error mean square 100 59.55 74.20 4,301 2.692 
Table 11. Mean squares for single degree of freedom comparisons for pollen sterility 




variation D.F. 1967 
Mean squares 
1968 Greenhouse 
1 Lines vs. hybrids 1 8,106.99** 11,828.38** 8,002.94** 
Lines 8 8,107.33** 18,664.64** 4,365.87** 
2 A vs. B 1 44,150.11** 102.105.99** 23,450.75** 
3 R vs. Rec. R 1 476.97** 739.60* 8.37 
4 A vs. Rec. R 1 35.005.72** 83,536.79** 21,232.73** 
5 B vs. Rec. R 1 529.97** 931.04** 55.08 
6 Kaf. A vs. Mar. A 1 0.00 0.00 0.00 
7 Kaf. B vs. Mar. B 1 63.99 12.18 16.14 
8 Kaf.Rec.R vs. Mar.Rec.R 1 298.70* 61.57 15.26 
9 Tx. vs. PI. & Cap. 1 27.25 27.12 19.66 
Hybrids 11 532.06** 787.76** 67.97 
10 F vs. S cyto. 1 535.57** 3,639.31** 203.35 
11 Kaf. (F) vs. Kaf. (S) 1 208.80 2,855.54** 304.88* 
12 Mar. (F) vs. Mar. (S) 1 334.10* 1,016.18** 7.32 
13 Tx. (F) vs. Tx. (S) 1 437.59** 728.99* 217.60 
14 PI. (F) vs. PI. (S) 1 12.91 955.87** 32.51 
15 Cap. (F) vs. Cap. (S) 1 242.51* 2,168.95** 18.03 
16 Kaf. vs. Mar. in F 1 1,169.07** 648.00* 0.01 
17 Kaf. vs. Mar. in S 1 921.93** 2,210.46** 214.38 
18 Tx. vs. PI. & Cap. in F 1 754.14** 14.40 0.12 
19 Tx. vs. PI. & Cap. in S 1 206.55 301.25 135.53 
20 (Pl. vs. Cap. in F) vs. 
(PI. vs. Cap. in S) 1 71.76 122.54 1.06 
Error mean square 54.02 128.04 59.53 
Error degrees of freedom 100 100 40 
Table 12. Means for grain yield, 100-seed weight, number of seeds/head, heads/plant, 
and protein content in seed, measured in I967 and 1968 at Ames, Iowa 
Grain yield 100-seed wt. Seeds/head Heads/plant Protein 
Line or hybrid (g/plot) Ts) in seed {%) 
1967 1968 1967 1968 1967 1968 1967 1968 19^ 7 Ï9E8 
A lines 1173 1425 1.94 3.15 2718 2072 1.16 1.07 14.22 13.51 
B lines 1285 1608 1.86 2.40 3152 3029 1.12 1.10 13.48 10.42 
Rec. R lines 1230 1527 1.97 2.47 2752 2698 1.21 1.20 13.52 11.25 
LSD .of- 89 144 0.10 0.11 176 221 0.12 0.10 0.44 0.63 
LSD .01 118 190 0.13 0.15 232 293 0.16 0.14 0.58 0.84 
R lines 1410 1717 1.66 2.08 3544 3101 1.54 1.58 13.20 10.97 
Hybrids (F cyto.) 1740 1881 2.05 2.23 3711 3495 1.23 1.22 12.69 10.15 
Hybrids (S cyto.) 1706 1896 2.04 2.26 3617 3457 1.29 1.25 13.15 10.55 
LSD .05^  52 83 0.06 0.06 101 128 0.07 0.06 0.25 0.36 
LSD .01 68 110 0.07 0.08 134 169 0.09 0.08 0.34 0.48 
®'LSD values to be used only for comparisons among A, B, and Rec. R lines. 
L^SD values to be used only for comparisons between the two types of hybrids. 
Table 13. Means for days to mid-bloom, plant height, leaf area, and pollen sterility, 
measured In 196? and 1968 at Ames, Iowa 
Days to Plant height Leaf area Pollen sterility {%) 
Line or hybrid mid-bloom (cm) (cm2) Green­
1967 1968 1967 1968 1967 1968 1967 1968 house 
A lines 90.3 81.1 121.5 112.3 365 431 100.0 100.0 100.0 
B lines 87.9 79.2 121.4 111.5 372 417 14.2 7.8 11.6 
Rec. R lines 87.7 79.4 120.1 109.6 372 423 23.6 16.6 15.9 
LSD .05* 1.1 0.8 2.0 2.2 17 13 6.0 6.5 9.0 
LSD .01 1.4 1.1 2.6 2.9 22 18 7.9 8.6 12.0 
R lines 88.2 80.5 99.7 97.2 493 511 15.5 9.4 14.4 
Hybrids (F cyto.) 86.3 78.9 118.5 112.3 #2 487 16.9 11.9 8.0 
Hybrids (S cyto.) 86.2 77.9 118.9 115.2 437 478 22.3 21.9 12.7 
LSD .05^  0.6 0.5 1.1 1.3 10 8 3.4 3.7 5.2 
LSD .01 0.8 0.6 1.5 1.7 13 10 4.6 5.0 7.0 
values to be used only for comparisons among A, B, and Rec. R lines. 
L^SD values to be used only for comparisons between the two types of hybrids. 
Table l4. Means for nine characters for Kafir 60 and Martin hybrids with fertile 
or sterile cytoplasm 
Female Cyto. Grain yield 100-seed wt. Seeds/head Heads/plant Seed 
parent type (g/plot) Tg) protein {%) 
1967 1968 1967 1968 1967 1968 1967 1968 1967 1968 
Kafir F 1791 1926 2 .07 2. 27 3747 3434 1. 25 1.22 11.78 9.63 
S 1749 1942 2 .10 2. 30 3560 3411 1. 31 1.25 12.40 9.93 
Martin F 1689 1835 2 .02 2. 18 3676 3557 1. 22 1.21 13.61 10.66 
S 1663 1849 1 .98 2. 21 3673 3502 1. 27 1.24 13.91 11.17 
LSD .05 73 117 0 .08 0. 09 143 181 0. 10 0.09 0.36 0.52 
LSD .01 97 155 0 .11 0. 12 190 239 0. 13 0.11 0.48 0.68 
Female Cyto. Days to Plant height Leaf area Pollen sterility {%) 
parent type mid-bloom (cm) (cm^ ) Green­
1967 1968 1967 1968 1967 1968 1967 1968 house 
Kafir F 86.2 78.8 118.9 112.7 439 477 22.6 14.9 7.9 
S 85.6 77.5 118 .1 114.5 422 464 27.4 27.5 16.2 
Martin F 86.4 78.9 118 .1 111.9 445 497 11.2 8.9 8.0 
S 86.8 78.3 119 .7 115.9 452 492 17.3 16.4 9.3 
LSD .05 0.9 0.7 1 .6 1.8 14 11 4.9 5.3 7.4 
LSD .01 1.2 0.9 2 .1 2.4 18 14 6.4 7.0 9.8 
Table 15. Means for nine characters for hybrids with Texas 7078. Plainsman, or 
Caprock male parent in fertile or sterile cytoplasm 
Male Cyto. Grain yield lOO-seed wt. Seeds/head Heads/plant Seed 
parent type (g/plot) 
1967 1968 
(g) 
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backgrounds of the two types of restorers are entirely differ­
ent except for the MsMs condition. Means in Tables 12 show 
that the natural restorer lines were considerably higher for 
yield, seeds/head, and heads/plant, but lower in 100-seed 
weight than the recovered restorers. In I968 the natural 
restorers bloomed significantly later, but the difference was 
only one day (Table 13). In both years the natural restorers 
were shorter, yet greater in leaf area than the recovered 
restorers, both differences being highly significant. Table 11 
indicates that the two types of restorers differed signifi­
cantly for pollen sterility in the field experiments, and 
lower means are shown for the natural H lines than for the 
recovered E lines (Table 13)• In the greenhouse the same trend 
was shown, but the difference was not significant. 
The effect of the restorer gene is evaluated by the com­
parison of A lines with recovered R lines. Both types of lines 
have sterile cytoplasm, but only the recovered R lines possess 
the dominant restorer alleles. Although the recovered R lines 
outyielded the A lines in both years (Table 12), the differ­
ences were not significant. In 1967 the two types of lines did 
not differ significantly for 100-seed weight and seeds/head, 
but in 1968 the A lines were significantly higher for 100-seed 
weight and significantly lower for seeds/head than the 
recovered R lines. Incomplete pollination on some heads of the 
A lines in I968 may have contributed appreciably to the rela­
tive performance of the two types of lines. The sterile lines 
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produced significantly fewer heads/plant in I968 than did the 
recovered E lines. In both years the A lines were signifi­
cantly higher in protein content, later to bloom, and of 
course, higher in pollen sterility. Although the steriles in 
1968 were significantly taller than the recovered R lines, the 
difference was only 3 cm. 
The comparison of B lines with recovered R lines does not 
provide a clear measure of cytoplasm or restorer gene effects, 
since the B lines are genetically msms and have fertile cyto­
plasm and the recovered R lines are genetically MsMs and have 
sterile cytoplasm. However, the comparison does give an 
insight to the relative performance of two types of Kafir and 
Martin lines, both of which shed functional pollen. Table 12 
shows that the B lines were higher yielding than the recovered 
restorer lines in both years, but the differences were not 
significant. In both years the B lines exhibited slightly 
lower lOO-seed weights and significantly more seeds/head than 
the recovered R lines. In 196? the B and recovered R lines 
were nearly equal in seed protein content, but in 1968 the 
recovered R lines were significantly higher than the B lines. 
Table 13 shows that in both field experiments, pollen sterility 
was significantly higher in the recovered restorer lines than 
in the B lines. Significant differences between B and 
recovered restorer lines were not observed for days to mid-
bloom, plant height, or leaf area. 
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The last four single degree of freedom comparisons par­
titioned for the lines source of variation are less meaningful 
for evaluating effects of specific cytoplasmic or genie differ­
ences than those discussed above. They do provide comparisons 
among lines that are of interest to sorghum breeders, however, 
and significant differences for many of the characters were 
observed for these comparisons. Tables 3 and 7 show that both 
the A and B lines of Martin yielded more than the respective 
Kafir 60 lines in both years, and significantly more for all 
but the 1968 comparison of B lines. Among the natural R lines, 
Plainsman was highest yielding in I967, but it was markedly 
lower yielding than Texas 7078 and Caprock in I968. All 
natural restorer lines produced more heads/plant than the other 
lines and hybrids. Martin lines and hybrids were much higher 
than the corresponding Kafir types in protein content. 
Tables 5 and 10 show that Plainsman was significantly shorter 
than the other lines or hybrids in the experiment. The Cap­
rock R line and Caprock hybrids exhibited considerably greater 
leaf area than the other entries. 
The comparison of greatest interest in the field study is 
the relative performance of hybrids with fertile vs. sterile 
cytoplasm, number 10 of the single degree of freedom compari­
sons among hybrids (Tables 7 through 11). Hybrids with fertile 
cytoplasm did not differ significantly from those having 
sterile cytoplasm for grain yield, 100-seed weight, number of 
seeds/head, or number of heads/plant. Protein content was 
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influenced significantly in both years, and mid-bloom in 1968 
by cytoplasm type (Table 9)• Plant height and leaf area were 
affected significantly by cytoplasm type only in 1968 
(Table 10). A highly significant cytoplasm effect on pollen 
sterility of the hybrids was indicated in both field experi­
ments (Table 11). 
Although statistical significance was not indicated for 
the effects of cytoplasm type on performance of the hybrids for 
grain yield or the components of yield, trends among the means 
listed in Table 12 are of interest. Hybrids with fertile cyto­
plasm were slightly higher yielding than the sterile cytoplasm 
hybrids in I967, but the opposite trend was observed in I968. 
Means presented individually for the different hybrids (Table 3) 
show that in both years two of the six hybrids exhibited higher 
yields in sterile as opposed to fertile cytoplasm, and three 
showed lower yields in sterile cytoplasm. Yield of the other 
hybrid was lower in sterile cytoplasm in I967 but higher in 
sterile cytoplasm in 1968. Hybrids with fertile cytoplasm were 
nearly identical to sterile cytoplasm hybrids for 100-seed 
weight, but the fertile cytoplasm hybrids had more seeds/head 
and fewer heads/plant than sterile cytoplasm types (Table 12). 
Seed protein percentages were significantly higher in both 
years for hybrids with sterile cytoplasm than for those with 
fertile cytoplasm. The means listed for individual hybrids in 
Table 3 show higher protein contents for sterile cytoplasm 
hybrids in comparison with their fertile cytoplasm counterparts 
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in all but one instance, where a negligible advantage for the 
fertile cytoplasm hybrid was obtained. 
In 1967 the hybrids with sterile cytoplasm were nearly 
identical to their fertile cytoplasm counterparts for mid-bloom 
and plant height, and slightly but not significantly lower in 
leaf area than hybrids with fertile cytoplasm. Sterile cyto­
plasm hybrids in I968 (Table 13) were earlier to bloom (1 day), 
taller (3 cm), and smaller in leaf area (9 cm^ ) than the 
hybrids in fertile cytoplasm. The differences for all three 
characters were significant statistically, but would appear 
to be of little practical importance. 
In both years the pollen sterility percentages were sig­
nificantly higher (1^  probability level) for hybrids in sterile 
as opposed to fertile cytoplasm (Table 13)• Table 5 shows that 
only one hybrid in one year (Kafir x Plainsman in 1967) 
exhibited higher pollen sterility in fertile than in sterile 
cytoplasm. The highest pollen sterility was observed in the 
•Kafir x Caprock hybrid with sterile cytoplasm, where 39 and 37% 
were noted in 1967 and 1968, respectively. These are the only 
observations that approached the 50% pollen sterility expected 
if the sterility is under gametophytic control. The means in 
Table 13 for pollen sterility in hybrids having sterile cyto­
plasm were about 22% in both field experiments. 
In the 1968 greenhouse experiment, pollen sterility was 
higher for sterile than for fertile cytoplasm hybrids, but the 
difference was not significant. Only the Martin x Plainsman 
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cross exhibited higher pollen sterility in the fertile than in 
the sterile cytoplasm (Table 5)• Pollen sterility apparently 
is influenced markedly by environmental conditions, as the 
sterility percentages observed in the greenhouse were consider­
ably lower than those detected in field-grown material. 
Comparisons numbered 11 and 12 in Tables 7 through 11 
evaluate the effects of cytoplasm type on Kafir and Martin 
hybrids separately. Means for these comparisons are presented 
in Table l4. Neither Martin nor Kafir hybrids were affected 
significantly by cytoplasm type for grain yield, 100-seed 
weight, or number of heads/plant (Tables 7 and 8). In 1967 
Kafir hybrids with fertile cytoplasm produced significantly 
more seeds/head than sterile cytoplasm Kafir hybrids. Cyto­
plasm type significantly affected protein content in Kafir 
hybrids in 1967 and mid-bloom date in I968 (Table 9)• Means 
in Table l4 show that in both years the Kafir and Martin 
hybrids had higher protein contents in sterile than in fertile 
cytoplasm. For the Martin hybrids in 1968 this difference 
nearly reached the 5% level of probability. The significant 
difference for the two types of Kafir hybrids in 1968 for days 
to mid-bloom was only 1.3 days. Tables 10 and 14 show that 
cytoplasm type significantly influenced plant height in the 
Martin hybrids in 1968, and leaf area in Kafir hybrids in both 
years. Kafir hybrids with sterile cytoplasm exhibited sig­
nificantly higher pollen sterility than their fertile cytoplasm 
counterparts in the 1968 field experiment and in the greenhouse 
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test. The difference observed for Kafir hybrids in 1967 was 
similar and nearly reached the probability level. Signifi­
cantly higher pollen sterility occurred in sterile than in 
fertile cytoplasm in the Martin hybrids in both field experi­
ments, but not in the greenhouse. 
The effects of cytoplasm types in relation to male parent­
age of the hybrids are shown in comparisons 13, and 15 
(Tables 7 through 11). The only significant cytoplasm effects 
on yield and the components of yield were observed for 100-
seed weight In 1967 and heads/plant In 1968 in Texas 7078 
hybrids (Tables 7 and 8). The presence of sterile cytoplasm 
resulted in higher 100-seed weights and more heads/plant in the 
Texas 7078 hybrids (Table 15)• 
Cytoplasm type influenced protein content significantly in 
1967 for hybrids with each of the pollinators (Table 9). The 
means in Table 15 show that in 1967 and also in 1968 where 
statistical significance was not attained, the presence of 
sterile cytoplasm resulted in higher protein contents. Caprock 
hybrids with sterile cytoplasm bloomed significantly earlier in 
1968 than those with fertile cytoplasm. In I967, plant heights 
of only the Texas 7078 hybrids were affected significantly by 
cytoplasm type, with taller plants in the fertile cytoplasm 
types. In contrast, significant height differences due to 
cytoplasms were shown for the Caprock and Plainsman hybrids in 
1968, with greater height in sterile cytoplasm hybrids. No 
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cytoplasm effects within male parent groups were noted for leaf 
area. 
Except for the Plainsman hybrids in I967, significant 
effects of cytoplasm type on pollen sterility of the hybrids 
were exhibited within each pollinator group in the field 
experiments. Significant differences for pollen sterility in 
sterile and fertile cytoplasm hybrids were not observed with 
any of the pollinators in the greenhouse. However, for all 
pollinators in both the field and greenhouse experiments, the 
sterile cytoplasm hybrids showed higher pollen sterility than 
their fertile counterparts. 
The last five single degree of freedom comparisons in 
Tables 7 through 11 provided for evaluations of the effects of 
cytoplasm types on the differential performance of hybrids 
grouped according to female or male parentage. Generally, if 
differences were noted between two groups of hybrids with 
fertile cytoplasm, differences in the same direction were 
observed between the corresponding groups with sterile cyto­
plasm. However, some exceptions to this pattern did occur. 
Table 7 shows that in 1967, a significant 100-seed weight 
difference was noted between Martin and Kafir hybrids in 
sterile cytoplasm, but not in fertile cytoplasm. Similarly, 
a differential performance in relation to cytoplasm types was 
observed for days to mid-bloom in both years and for leaf area 
in 1967. Also, comparison 20 in Table 9 shows that the differ­
ential performance of Plainsman vs. Caprock hybrids for 
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mid-bloom date varied with cytoplasm type in 1968. Table 11 
indicates that in fertile cytoplasm, differences in pollen 
sterility were noted in 1967 between Texas 7078 hybrids and 
hybrids with the other pollinators, but the differences were 
not observed with sterile cytoplasm hybrids. 
The analyses of variance for protein amino acids in the 
seed, expressed as percentage of the dry sample, are presented 
in Table 16. Appendix Table 39 shows the analyses of variance 
for protein amino acids expressed as percentage of protein. 
Although 15 amino acids were detected with the analytical pro­
cedure used, leucine and threonine, and phenylalanine and 
aspartic acid were not separated. Consequently, these will be 
reported as pairs rather than Individual amino acids. Tyrosine 
produced extremely small peaks on the chromatograms, making it 
impossible to obtain accurate estimates of its content in the 
samples. Tryptophan, an amino acid of considerable biological 
importance, was not detected as it is destroyed by acid 
hydrolysis. 
Entry mean squares in Table 16 were significant for 
alanine, leucine and threonine, serine, phenylalanine and 
aspartic acid, and glutamic acid. Variation due to laboratory 
determinations was highly significant for methionine. Except 
for serine, all of the amino acids that exhibited significant 
differences produced large, easily measured peaks, a feature 
which may have been reflected by the relatively low error mean 
squares for these amino acids. Some of the other amino acids, 
Table 16, Analyses of variance for protein amino acids in the seed, expressed as 














































































such as methionine and lysine, produced very small peaks, and 
differences between the two determinations often were very 
large. Consequently, comparatively large error mean squares 
were obtained for these amino acids and relatively large 
differences among entries were needed in order to show statis­
tical significance. 
Means for the protein amino acids in the different types 
of lines and hybrids are presented in Table 17. Means for the 
protein amino acids, expressed both as percentage of the sample 
and percentage of protein, are listed for all entries in 
Table 4l in the Appendix. Glycine content of the B lines was 
significantly higher than that of the A lines. Usually, the 
A lines were lower in amino acid content than the B lines. The 
hybrids with sterile cytoplasm usually exhibited higher per­
centages for the different amino acids than the hybrids with 
fertile cytoplasm. This was not true for all amino acids, 
however, and none of the differences exceeded the Sfo level of 
probability. The comparatively low lysine content of the A 
lines resulted from an extremely low value in one laboratory 
determination for the Kafir 60 A line, and probably should not 
be considered indicative of the true lysine content of the A 
lines. Expressed as either percentage of the sample or per­
centage of protein, the amino acid in greatest abundance was 
glutamic acid, followed by leucine and threonine, phenyl­
alanine and aspartlc acid, and alanine. 
Table 1?. Means for protein amino acids in the seed, expressed as percentage of 
dry sample, from I967 experiment at Ames, Iowa 
Leucine & 
Line or hybrid Alanine Valine Isoleuoine Glycine threonine Proline 
A lines I.3O8 0.527 0.414 0.259 1.834 0.769 
B lines 1.363 0.560 0.433 0.315 2.057 0.778 

















R lines 1.112 0.549 0.420 0.311 1.860 0.707 
Hybrids (F cyto.) 1.339 0.591 0.407 0.303 1.956 0.779 
Hybrids (S cyto.) 1.350 0.569 0.426 0.300 1.984 0.802 














L^SD values to be used only for comparisons among A, B, and Rec. R lines. 
L^SD values to be used only for comparisons between the two types of hybrids. 
Table 1?. (Continued) 
Phenyl-







A lines 1.777 0.137 0.162 1.700 2.381 0.177 
B lines 1.381 0.138 0.168 1.682 2.223 0.208 















R lines 1.266 0.125 0.152 1.618 2.161 0.246 
Hybrids (F cyto.) 1.053 0.139 0.161 1.594 2.325 0.230 
Hybrids (S cyto.) 1.264 0.152 0.171 1.635 2.357 0.218 















Free Amino Acid Determinations 
Anthers of Kafir 60 and Martin A, B, and recovered R lines 
grown in the field in 1967 and 1968 and in the greenhouse in 
1969 were analyzed at three stages of microsporogenesis for 
free amino acid contents. Since pollen stage is not attained 
in the steriles, values for only the first two stages are pre­
sented for the A lines. The stage listed as tetrad actually 
includes all stages of microsporogenesis up to and including 
the tetrad of microspores stage. Anthers of the B and 
recovered restorer lines were analyzed at all three stages. 
Free amino acid contents, expressed as micrograms amino 
acid per milligram dry anther and micromoles amino acid per 
gram dry anther, were averaged over the two years (field experi­
ments) and over the two varieties, and are presented in 
Tables I8 and 19• Values for the individual years and vari­
eties are given in Tables kZ through in the Appendix. 
Analyses of variance for each of the amino acids and for the 
total amount of amino acids are presented in Tables 20 through 
28. Values in terms of micromoles amino acid per gram dry 
anther were used to compute the analyses of variance for the 
individual amino acids. Since molecular weights vary with 
amino acids, the total amino acid contents could not be 
expressed on a micromole basis. For the analysis of total 
amino acids, values in micrograms amino acid per milligram dry 
anther were utilized. 
Table 18. Means for free amino acid contents, expressed as micrograms amino acid 
per milligram dry weight, in anthers of field-grown A, B, and recovered 
R lines, averaged over two years and two varieties 
Amino acid A lines B lines Rec. R lines 
Tet. Mic. Tet. Mic. Poll. Tet. Mlc, Poll, 
Aspartic acid 0. 909 0.801 0.800 0, .886 0, .879 0.889 0, .805 0. 711 
Threonine 0. 139 0,123 0.132 0, .219 0, .256 0.152 0, .210 0. 201 
Serine 0. ,664 0.484 0.484 0. 720 1, .227 0.623 0, .802 1. 143 
Asparagine 3. 077 2.545 2.786 2 .884 2 .331 3.230 3 .391 1. 711 
Glutamic acid 2, .048 1.041 1.701 1, .629 1, .368 1.780 1 .461 1. 441 
Glutamine 1. 196 0.459 0.447 0 .220 0 .305 0.236® 0 .171° 0. 139a 
Proline 0, .190 0.174 0.182 0 .762 4 .003 0.293 0 .538 5. 267 
Glycine 0, .096 0.094 0.101 0 .152 0 .199 0.113 0 .150, 0. 218 
Alanine 0 .495 0.478 0.416 0 .801 0 .875 0.483®- 0 .648% 1. 191& 
Methionine 0 .140 0.110 0.224 0 .270 0 .232 0.191 0 .216 0. 277 
Isoleucine 0 , 166 0.328 0.229 0 .536 0 .716 0.221 0 .418 0. 915 
Leucine 0 .503 0.910 0.883 1 .657 1 .373 0.798 1 .379 1, ,522 
Tyrosine 0 .533 0.767 0.6l4 1 .508 3 .499 0.561 1 .129 2. 905 
Phenylalanine 0 
.393 1.077 0.623 1 .369 1 .759 0.545 1 .045 2. ,074 
Lys ine 0 .871 1.705 1.735 2 .323 2 .261 1.401 1 .942 1. ,889 
Histidine 0 .186 0.495 0.195 0 .414 0 .500 0.229 0 .300 0, .371 
Arginine 0 .790 1.392 1.482 2 .102 2 .010 1.313 1 .943 1. 900 
Cystine® 0 .082 0.146 0.083 0 .083 0 .084 0.086 0 .099 0. 100 
Valine^ 0 .319 0.388 0.384 0 .482 0 .759 0.366 0 .507 0, .617 




'^Excludes Martin Rec. R, 196?. 
I^ncludes only 1968 data. 
I^ncludes only 196? data. 
E^xcludes cystine and valine. 
Table 19. Means for free amino acid contents, expressed as micromoles amino acid 
per gram dry weight, in anthers of field-grown A, B, and recovered 
R lines, averaged over two years and two varieties 





Tet ' # Mic 
• 
Poll. Tet Mic 
• 
Poll. 
Aspartic acid 6. 81 6. 01 6. 00 6. 65 6. 59 6. 67 6. 04 5. >34 
Threonine 1. 17 1. 03 1, 10 1. 84 2. 14 1. 27 1. 76 1. 69 
Serine 6. 31 4. 60 4. 60 6. 64  11, .67 5. 92 7. 62 10, .86 
Asparagine 23 .  27 19. 25 21. 09 21. 82 17 . 64 24. 45 25 .  66  12, .96 
Glutamic acid 13 .  91 7. 07 11. 56 11. 07 9 . 29  12. 09 9. 92^  9. 78 
Glutamine 6. 67 3. 13 3. 05 1. 50 2 .08 1. 61a  1. 16b 0 . 94a  
Proline 2. 68 1. 51 1. 58 6. 61 34 .77 2. 55 4. 66  45 .75 
Glyc ine 1. 28 1. 25 1. 34 2. 02 2 . 64 1. 50^  1. 98 ,  2 ' 89 .  
Alanine 5. 56 5. 37 4. 66  8. 99  9 .82 5. 41®- 7. 26% 13 .36* 
Methionine 0. 93 0. 73 1. 50 1. 81 1 .55 1. 28  1. 44 1 .85 
Isoleueine 1. 26 2. 50 1. 74 4. 09 5 .45 1. 68  3. ,18 6 . 96  
Leuc ine 3. 82 6. 93 6. 73 12. 63 10 .46 6. 07 10. 51 11 .60 
Tyrosine 2. 93 4. .23 3. 39 8. 31 19 .30 3. 10 6. ,22 16 .03 
Phenylalan ine 2. 37 6. 3. 77 8. ,28 10 .64 3. 30 6. 32 12 .54 
Lys ine 5. . 95  11. , 66 11. , 86  15. ,88 15 .45 9. 58 13. . 27  12 .92 
Histidine 1. 20 3. , 19  1. 25 2. 65 3 .21 1. 47 1. . 92  2 . 38  
Arginine 4. 52 7. . 98  8, .50 12. 06 11 .53 7. 54 11. 15 10 .90 
Cystine^  0. 34 0. 61 0, .35 0. 35 0 . 35  0. 35 0, .41 0 .41 
Valine® 2. 73 3. 31 3. 27 4. 12 6 . 47  3. 13 4. 33 5 .26 
E^xcludes Martin Rec. R, I967. 
I^ncludes only 1968 data. 





Analysis of variance for free aspartic acid and free 
threonine contents in anthers from I967 and 1968 
field experiments at Ames, Iowa 
Aspartic acid 










F X S 
Ees idual 






Y X T 
V X T 
V X F 
V X S 






























F 1 0.956 
S 2 0.378 
F X S 2 1.937 
Residual , 2 O.76O 
A(T) vs A(M)° 1 1.288 
A vs B & R 1 0.232 
V X F 1 0.001 
V X S 2 0.439 
V X F X S 2 0.768 
V X residual 2 II.3IÔ 
Threonine 
Source of D.F. Mean Source of D .F. 
variation square variation 
Years (Y) 1 0.015 
Varieties (V) 1 0.004 
Y X V 1 0.263 
Treatments (T) 7 0.674* 
Pert.levels(F) 2 0.412 F 1 
Stages (S) 1 0.810* S 2 
F X S 2 0.408 F X S 2 
Residual 2 1.134* Residual 2 
B(P) vs R(P) 1 0.410 A(T) vs A(M) 1 
P vs T & M 1 1.859** A vs B & R 1 
Y X T 7 0.181 
V X T 7 0.074 
V X F 2 0.056 V X F 1 
V X S 1 0.025 V X S 2 
V X F X S 2 0.069 V X P X S 2 
V X residual 2 0.121 V X residual 2 













line pollen vs. R line pollen. 
^A line tetrad stage vs. A line microspore stage 
°Pollen stage vs. tetrad and microspore stage. 
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Table 21. Analysis of variance for free serine and free 
asparagine contents in anthers from 1967 and I968 
field experiments at Ames, Iowa 
Serine 
Source of D.P. Mean Source of 
variation square variation 
D.F. Mean 
square 
Years (Y) 1 
Varieties (V) 1 
Y z V 1 
Treatments (T) ? 
Pert.levels(F) 2 
Stages (S) 1 
F X S 2 
Residual _ 2 
B(P) vs R(P)& 1 
P vs T & 1 
Y X T 7 
Y X T 7 
V X F 
V X S 
V X F X S 



















2 .  
0 .  
3. 
4. 





































F X S 





















Years (Y) 1 377.919* 
Varieties (V) 1 1.170.189** 
Y X V 1 64.781 
Treatments (T) 7 67.455 
Fert.levels(F) 2 36.444 F 1 4.217 
Stages (S) 1 2.877 S 2 170.696 
F X S 2 16.746 F X S 2 45.791 
Residual 2 181.462 Residual 2 17.496 
B(P) vs R(P) 1 43.805 A(T) vs A{M) 1 32.361 
P vs T & M 1 319.119* A vs B & R 1 2.631 
Y X T 7 31.492 
V X T 7 33.610 
V X F 2 25.292 V X F 1 56.304 
V X S 1 32.736 V X S 2 34.330 
V X F X S 2 37.679 V X F X S 2 0.155 
V X residual 2 38.297 V X residual 2 54.999 
Error 7 44.462 
line pollen vs. R line pollen. 
^A line tetrad stage vs. A line microspore stage 
^Pollen stage vs. tetrad and microspore stage. 
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Table 22. Analysis of variance for free glutamic acid and 
free glutamine contents in anthers from 196? and 
1968 field experiments at Ames. Iowa 
Glutamic acid 
Source of D.F. Mean Source of D .F. Mean 
variation square variation square 
Years (Y) 1 75.675** 
Varieties (V) 1 26.082* 
Y X V 1 12.513 
Treatments (T) 7 16.922* 
Pert.levels (F) 2 1.367 F 1 0.011 
Stages (S) 1 60.135** S 2 10.568 
F X S 2 21.648* F X S 2 1.824 
Residual 2 6.145 Residual . 2 46.831** 
B(P) vs R(P)& 1 0.480 A(T) vs A(M)° 1 93.571** 
P vs T & 1 11.809 A vs B & R 1 0.090 
Y X T 7 7.417 
V X T 7 8.027 
V X F 2 14.358* V X F 1 0.011 
V X S 1 6.396 V X S 2 4.977 
V X F X S 2 0.883 V X F X S 2 1.513 
V X residual 2 9.654 V X residual 2 21.598* 
Error 7 2.743 
Glutamine 
Source of D.F. Mean Source of D .F. Mean 
variation square variation square 
Years (Y) 1 925.144* 
Varieties (V) 1 101.460 
Y X V 1 65.437 
Treatments (T) 7 286.934 
Fert.levels(F) 2 741.473* F 1 907.984* 
Stages (S) 1 24.301 S 2 237.879 
F X S 2 126.668 F X S 2 263.880 
Residual 2 123.977 Residual 2 48.517 
B(P) vs R(P) 1 3.088 A(T) vs A(M) 1 25.063 
P vs T & M 1 244.866 A vs B & R 1 71.970 
Y X T 7 310.857 
V X T 7 96.725 
V X F 2 147.147 V X F 1 215.519 
V X S 1 161.253 V X S 2 94.471 
V X F X S 2 99.513 V X F X S 2 104.928 
V X residual 2 11.252 V X residual 2 31.379 
Error 7 91.725 
line pollen vs. R line pollen. 
A line tetrad stage vs. A line microspore stage. 
^Pollen stage vs. tetrad and microspore stage. 
87 
Table 23. Analysis of variance for free proline and free 
glycine contents In anthers from 1967 and 1968 








Years ( Y) 1 
Varieties (V) 1 
Y X V 1 
Treatments (T) 7 
Fert.levels(P) 2 
Stages (S) 1 
F X S 2 
Residual _ 2 
B(P) vs R(P)^  1 
P vs T & MC 1 
Y X T 7 
Y X T 7 
V X F 2 
V X S 1 


















F X S 
Residual , 
A(T) vs A(M)° 
A vs B & R 




X F X S 
V X residual 2 117.992* V X residual 2 
Error 7 12.954 
GlycIne 
Source of D.F. Mean Source of D .F. 
variation square variation 
Years (Y) 1 0.426 
Varieties (V) 1 0.147 
Y X V 1 0.272 
Treatments (T) 7 1.614** 
Fert.levels(F) 2 0.537* F 1 
Stages (S) 1 0.866* S 2 
F X S 2 0.276 F X S 2 
Residual 2 4.402** Residual 2 
B(P) vs R(P) 1 0.123 A(T) vs A(M) 1 
P vs T & M 1 8.682** A vs B & R 1 
Y X T 7 0.240 
V X T 7 0.260 
V X F 2 0.099 V X F 1 
V X S 1 0.007 V X S 2 
V X F X S 2 0.092 V X F X S 2 
V X residual 2 0.716* V X residual 2 























B line pollen vs. R line pollen. 
A^ line tetrad stage vs. A line microspore stage. 
'Pollen stage vs. tetrad and microspore stage. 
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Table Zk, Analysis of variance for free alanine and free 
methionine contents in anthers from 1967 and 1968 








Years (Y) 1 
Varieties (V) 1 
Y X V 1 
Treatments (T) 7 
Pert.levels(P) 2 
Stages (S) 1 
P X S 2 
Residual _ 2 
B{P) vs R(P)^  1 
r vs T & MC 1 
Y X T 7 
Y X T 7 
V X P 2 
V X S 1 


















P X S 2 
Residual  ^2 
A(T) vs A(M) 1 



















V X residual 2 237.922* V X residual 2 34.708 
Error 7 34.544 
Methionine 
Source of D.P. Mean Source of D • P. Mean 
variation square variation square 
Years (Y) 1 7.537** 
Varieties (V) 1 1.906** 
Y X V 1 1.062** 
Treatments (T) 7 0.625** 
Pert.levels (P) 2 1.401** P 1 0.050 
Stages (S) 1 0.047 S 2 0.211 
P X S 2 0.138 P X S 2 0.247 
Res idual 2 0.623* Residual 2 1.704** 
B(P) vs R(P) 1 0.186 A(T) vs A(M) 1 0.082 
P vs T & M 1 1.061** A vs B & R 1 3.326** 
Y X T 7 0.166 
V X T 7 0.092 
V X P 2 0.168 V X P 1 0.000 
V X S 1 0.048 V X S 2 0.004 
V X P X S 2 0.017 V X P X S 2 0.153 
V X residual 2 0.113 V X residual 2 0.165 
Error 7 0.075 
a B line pollen vs. R line pollen. 
A^ line tetrad stage vs. A line microspore stage. 
'Pollen stage vs. tetrad and microspore stage. 
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Table 25. Analysis of variance for free isoleucine and free 
leucine contents in anthers from 1967 and 1968 
Isoleucine 
Source of D.F. Mean Source of D .F. 
variation square variation 
Years (Y) 1 25.312** 
Varieties (V) 1 0.180 
Y X V 1 0.007 
Treatments (T) 7 16.291** 
Pert.levels (?) 2 2.140 F 1 
Stages (S) 1 17.272** S 2 
F X S 2 0.675 F X S 2 
Residual „ 2 45.566** Residual 2 
B(P) vs R(P)® 1 4.530* A(T) vs A(M) 1 
P vs T & 1 86.602** A vs B & R 1 
Y X T 7 3.627* 
V X T 7 0.315 
V X F 2 0.238 V X F 1 
V X S 1 0.068 V X S 2 
V X F X S 2 0.368 V X F X S 2 
V X residual 2 0.464 V X residual 2 
Error 7 0.613 
Leucine 
Source of D.F. Mean Source of D, .F. 
variation square variation 
Years (Y) 1 72.722** 
Varieties (V) 1 7.258 
Y X V 1 1.748 
Treatments (T) 7 38.756** 
Pert.levels(F) 2 38.565** F 1 
Stages (S) 1 120.512** S 2 
F X S 2 3.916 F X S 2 
Residual 2 32.911** Residual 2 
B(P) vs R(P) 1 ,2.577 A(T) vs A(M) 1 
P vs T & M 1 63.245** A vs B & R 1 
Y X T 7 2.883 
V X T 7 3.502 
V X F 2 0.560 V X F 1 
V X S 1 8.213 V X S 2 
V X F X S 2 0.073 V X F X S 2 
V X residual 2 7.518 V X residual 2 

























line pollen vs. R line pollen. 
^A line tetrad stage vs. A line microspore stage. 
•'Pollen stage vs. tetrad and microspore stage. 
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Table 26. Analysis of variance for free tyrosine and free 
phenylalanine contents in anthers from 196? and 
1968 field experiments at Ames. Iowa 
Tyrosine 
Source of D.F. Mean Source of 
variation square variation 
D.F. Mean 
square 
Years (Y) 1 
Varieties (V) 1 
Y X V 1 
Treatments (T) 7 
Fert.levels(F) 2 
Stages (S) 1 
F X S . 2 
Residual 2 
B(P) vs RiTr 1 
P vs T & 1 
Y X T 7 
Y X T 7 
V X F 2 
V X S 1 


















F X S 
Residual 
A(T) vs A(M) 
















V X residual 2 29.941 V X residual 2 
Error 7 17.707 
Phenylalanine 
Source of D.F. Mean Source of D.F. 
variation square variation 
Years (Y) 1 52.454** 
Varieties (V) 1 0.810 
Y X V 1 0.137 
Treatments (T) 7 52.138** 
Fert.levels(F) 2 5.451 F 1 
Stages (S) 1 90.987** S 2 
F X S 2 1.210 F X S 2 
Residual 2 130.330** Res idual 2 
B(P) vs R(P) 1 7.258 A(T) vs A(M) 1 
P vs T & M 1 253.402** A vs B & R 1 
Y X T 7 7.029 
V X T 7 0.670 
V X F 2 1.134 V X F 1 
V X S 1 0.012 V X S 2 
V X F X S 2 1.001 V X F X S 2 
V X residual 2 0.204 V X residual 2 























line pollen vs, H line pollen. 
^A line tetrad stage vs, A line microspore stage. 
^Pollen stage vs. tetrad and microspore stage. 
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Table 2?. Analysis of variance for free lysine and free 
histidine contents in anthers of 1967 and 1968 
field experiments at Ames, Iowa 
Lys ine 
Source of D.F. Mean Source of D .F. Mean 
variation square variation square 
Years (Y) 1 137.987* 
Varieties (V) 1 0.055 
Y 2 V 1 3.652 
Treatments (T) 7 41.120 
Fert.levels(F) 2 51.303 F 1 36.729 
Stages (S) 1 119.974* S 2 36.008 
F X S 2 2.351 F X S 2 0.056 
Residual 2 30.278 Residual , 2 89.491* 
B(P) vs R(P)& 1 12.827 A(T) vs A(M)° 1 65.208 
P vs T & M® 1 47.729 A vs B & R 1 113.774* 
Y X T 7 14.927 
V X T 7 10.753 
V X F 2 1.375 V X F 1 9.563 
V X S 1 3.792 V X S 2 6.377 
V X F X S 2 6.829 V X F X S 2 26.431 
V X residual 2 27.534 V X residual 2 0.045 
Error 7 13.258 
Histidine 
Source of D.F. Mean Source of D .F. Mean 
variation square variation square 
Years (Y) 1 17.405** 
Varieties (V) 1 1.843 
Y X V 1 0.401 
Treatments (T) 7 2.713* 
Fert.levels(F) 2 0.493 F 1 1.193 
Stages (S) 1 9.907** S 2 4.247* 
F X S 2 1.205 F X S 2 0.675 
Residual 2 2.844 Residual 2 3.976* 
B(P) vs R(P) 1 1.378 A(T) vs A(M) 1 7.940* 
P vs T &M 1 4.310* A vs B & R 1 0.013 
Y X T 7 1.074 
V X T 7 0.815 
V X F 2 0.920 V X F 1 0.732 
V X S 1 1.050 V X S 2 0.109 
V X F X S 2 0.409 V X F X S 2 0.638 
V X residual 2 0.998 V X residual 2 1.739 
Error 7 0.657 
a B line pollen vs. R line pollen. 
A line tetrad stage vs. A line microspore stage. 
'Pollen stage vs. tetrad and microspore stage. 
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Table 28. Analysis of 
free amino 
1968 field 
variance for free arginine and total 
acid contents in anthers of 1967 and 
experiments at Ames, Iowa 
Arginine 
Source of D.P. Mean Source of D. P. Mean 
variation square variation square 
Years (Y) 1 62.189 
Varieties (V) 1 3.584 
Y X V 1 0.007 
Treatments (T) 7 26.794 
Pert.levels(F) 2 35.585 F 1 4.150 
Stages (S) 1 75.402* S 2 30.954 
P X S 2 0.012 F X S 2 0.067 
Residual - 2 20.480 Residual , 2 60.681* 
B(P) vs R(P) 1 0.775 A(T) vs A(M)G 1 23.978 
P vs T & 1 40.184 A vs B & R • 1  97.385* 
Y X T 7 8.913 
V X T 7 4.245 
V X P 2 1.077 V X P 1  15.042 
V X S 1 0.350 V X S 2 0.164 
V X F X S 2 0.690 V X F X S 2 6.428 
V X residual 2 12.916 V X residual 2 0.745 
Error 7 11.968 









Years (Y) 1 
Varieties (V) 1 
Y X V 1 
Treatments (T) 7 
Fert.levels(F) 2 
Stages (S) 1 
F X S 2 
Residual 2 
B(P) vs R(P) 1 
P vs T & M 1 
Y X T 7 
Y X T 7 
V X F 
V X S 
V X F X S 










































F X S 
Residual 
A(T) vs A{M) 





























line pollen vs. R line pollen. 
^A line tetrad stage vs. A line microspore stage. 
^Pollen stage vs. tetrad and microspore stage. 
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In the analyses of variance, years were considered as 
replicates. Fertility levels refer to the A, B, or recovered 
R lines, and treatments include the eight possible combinations 
of fertility levels and stages of microsporogenesis. Following 
the analyses of variance involving all observations, the seven 
degrees of freedom for treatments and for the varieties x 
treatments interaction were partitioned in two different ways. 
In the first partition the analyses were performed only on 
tetrad and microspore data. Mean squares for fertility levels, 
stages of microsporogenesis, and their interaction were 
obtained. The residual variation, with two degrees of freedom, 
then was obtained by subtracting the sums of squares for 
fertility levels, stages and the interaction, from the treat­
ment sum of squares in the original analysis. This residual 
variation is composed of the variation due to the comparisons 
B vs. E pollen, and pollen stage vs. tetrad and microspore 
stages. 
In the second partition of treatments, the variations due 
to fertility levels, stages of microsporogenesis, and the 
interaction were obtained only from B and R line data. The 
residual source of variation in this partition consists of the 
comparisons of A tetrad with A microspore stages, and A lines 
with B and R lines. The second partition is presented on the 
right side of each analysis of variance table. The residual 
variation was partitioned only for treatments, and not for the 
varieties x treatments interaction. All mean squares were 
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tested for significance using the years x varieties x treat­
ments interaction as the error term. 
In Table 20, only the mean square for years was signifi­
cant for aspartic acid. Threonine showed significant varia­
tions due to treatments and to stages within treatments. The 
differences between pollen and earlier stages and between 
sterile and fertile lines both were highly significant. Means 
in Tables 18 and 19 indicate that threonine content in the 
pollen stage was higher than in the tetrad stage. Also the 
fertile lines (B and E) contained more threonine at the micro­
spore stage than did the steriles. Threonine decreased between 
tetrad and microspore stages in the steriles, but in the 
fertile lines an accumulation of threonine was noted as micro-
sporogenesis progressed toward completion. Tables 18 and 19 
show that serine content also decreased in the steriles while 
it accumulated in the B and E lines. 
The analysis of variance for serine in Table 21 shows 
that years and treatments exhibited significant differences. 
Within treatments, significant differences were noted among 
stages and between sterile and fertile lines in the second 
partition, and between the pollen and earlier stages in the 
first partition. Variations due to years, varieties, and 
pollen vs. tetrad and microspore stages were significant for 
asparagine. Asparagine content in the sterile lines decreased 
between tetrad and microspore stages (Tables 18 and 19). In 
the B and B lines a slight increase in asparagine was noted 
95 
between tetrad and microspore stages, followed by a consider­
able decrease between the microspore and pollen stages. 
Tables 18 and 19 show that glutamic acid content decreased 
as microsporogenesis proceeded in both sterile and fertile 
lines, with the rate of decline more pronounced in the 
steriles. The F test for the fertility levels x stages inter­
action in the first partition of treatment variation for 
glutamic acid (Table 22) indicates that the difference in rate 
of decline was significant. Variations due to years, vari­
eties, and varieties x fertility levels also were significant 
in the first partition. In the second partition the difference 
between A tetrad and A microspore stages, and the varieties x 
residual interaction were statistically significant. The 
analysis of variance for glutamine (Table 22), showed signifi­
cant variations due to years, and to fertility levels. How­
ever, unreasonably high glutamine and alanine contents were 
obtained for the microspore stage of the Kafir recovered R line 
in 1967 and for all three stages of the Martin recovered E line 
in 1967, The high values were included in the analyses of 
variance computations for these two amino acids. Consequently, 
little emphasis should be placed on the significance levels 
indicated. The values for glutamine content (Tables 18 and 19) 
were much higher at the tetrad stage of the steriles than at 
any other stage at any fertility level. In the sterile and 
recovered R lines the glutamine content decreased as micro-
sporogenesis progressed. In the B lines, glutamine decreased 
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between the tetrad and microspore stages, and then increased 
between microspore and pollen stages. 
The analyses of variance for proline and glycine content 
are presented in Table 23. For proline, the variations due to 
years, treatments, and years x treatments were significant. 
In the first partition of the treatment sum of squares the 
variations due to B vs. R pollen and for pollen vs. tetrad and 
microspore stages were significant. In the second partition, 
significant variation was indicated for stages, fertility 
levels X stages, and the comparison of A lines with B and R 
lines. The varieties x residual interaction in the first 
partition and the varieties x fertility levels interaction in 
the second partition also were significant. The means in 
Tables l8 and 19 show that free proline decreased between the 
tetrad and microspore stages in the steriles. But in the 
fertile lines an extremely large amount of proline was amassed 
as microsporogenesis proceeded to the mature pollen stage. 
In the variance analysis for glycine content (Table 23), 
fertility levels, stages, pollen vs. tetrad and microspore 
stages, and the varieties x residual interaction were signifi­
cant in the first partition. In the second analysis, the 
sources of significant variation were stages, A vs. B and R 
lines, and the varieties x fertility levels x stages inter­
action. Data in Tables 18 and 19 shows that the glycine con­
tent remained nearly constant at the two stages in the 
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steriles, but a large and continuous accumulation occurred in 
the fertile lines. 
Table 24 gives the analyses of variance for alanine and 
methionine. Since four biased observations were included in 
the alanine data, little attention should be focused on the 
significance levels in this analysis. The alanine data in 
Tables l8 and 19 do not include the biased values, and these 
means indicate that alanine decreased slightly between stages 
in the sterile lines, while appreciable increases occurred in 
the fertiles as pollen development proceeded toward completion. 
Tables 42 and 44 in the Appendix show that in I967 the Kafir 
sterile exhibited an increase in alanine between tetrad and 
microspore stages. In the Martin B line in both years the 
greatest alanine content was observed at the microspore stage 
(Appendix Tables 42 through 45). However, in both these 
instances the alanine content at pollen stage was greater than 
that at the tetrad stage. 
For methionine, the sources of significant variation were 
years, varieties, years x varieties, and treatments (Table 24). 
In the first partition of treatments, mean squares for fer­
tility levels and for the comparison of pollen stage with the 
earlier stages attained significance. The comparison of 
sterile vs. fertile lines showed significance in the second 
analysis. Methionine means in Tables 18 and 19 showed a slight 
decrease from tetrad to microspore stage in the steriles and a 
98 
somewhat discontinuous increase from tetrad through pollen 
stage in the fertiles. 
The analyses of variance for isoleucine and leucine are 
presented in Table 25. The years and treatments mean squares 
were highly significant for both amino acids, and for iso­
leucine the years x treatments interaction also was significant. 
In the isoleucine analysis stages were highly significant in 
both partitions and the interaction of fertility levels with 
stages was significant in the second partition. The compari­
sons of B with E pollen and pollen stage with earlier stages 
were highly significant. Significance was shown in the leucine 
analysis for the comparisons of pollen stage with tetrad and 
microspore stages, A tetrad with A microspore stages, and A 
lines with B and R lines. Mean values in Tables l8 and 19 for 
isoleucine and leucine indicate that in both sterile and 
fertile lines a rather continuous Increase in these amino 
acids occurred as microsporogenesls progressed. Both amino 
acids exhibited higher concentrations in the B and R lines than 
in the A lines at the tetrad and microspore stages. 
In the tyrosine analysis (Table 26), variations due to 
years, treatments, stages in the second partition of treat­
ments, pollen vs. tetrad and microspore stages, and A vs. B 
and R lines were significant. Tyrosine means in Tables 18 and 
19 show that a marked accumulation occurred at the pollen 
stage and that the content in fertile lines was appreciably 
higher than in the sterlles. In the phenylalanine analysis 
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(Table 26) the sources of significant variation were years, 
treatments, stages in both partitions of treatments, pollen 
vs. earlier stages, A tetrad vs. A microspore stages, and A vs. 
B and R lines. Means in Tables 18 and 19 indicate that phenyl­
alanine content increased with time in all three types of lines. 
The greatest acciimulation occurred at the pollen stage in the 
fertile lines. 
The analyses of variance for lysine, histidine, and 
arginine are presented in Tables 2? and 28. For lysine, the 
mean squares for years, stages in the first partition of treat­
ments, and the comparison of A with B and R lines showed 
significance. In the histidine analysis, the significant 
sources of variation were years, treatments, stages in both 
partitions of treatments, the comparison of pollen with earlier 
stages, and the A tetrad vs. A microspore stages. For arginine 
significance was attained only for stages (tetrad vs. micro­
spore) in the first partition, and for sterile vs. fertile 
lines in the second analysis. Each of these amino acids 
exhibited higher concentrations in the steriles at the micro­
spore as opposed to tetrad stage, and also higher concentra­
tions in the B and R lines at the microspore and pollen stages 
than at the tetrad stage (Tables l8 and 19). Lysine and 
arginine in the B and recovered R lines were in greater con­
centration at the microspore stage than at the pollen stage. 
Histidine accumulated continuously from tetrad to pollen 
s tage. 
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Table 28 shows the analysis of variance for total free 
amino acids. Significant variations were shown for treatments 
and for the years x treatments interaction. When the treat­
ment Sim of squares was partitioned, the sources attaining 
significance were fertility levels in the first partition, 
stages in both partitions, the comparison of pollen with 
tetrad and microspore stages, and the A vs. B and R lines 
source. Means in Table l8 demonstrate that the total amount 
of free amino acids was nearly the same at the two stages of 
the steriles. But in the B and R lines a large and continuous 
accumulation of free amino acids was observed as microsporo-
genesis approached completion. Although the means for total 
amino acids shown in Table 18 are nearly equal for the A tetrad 
and A microspore stages, Appendix Tables 42 and 43 show that 
considerable variation existed between years and between 
varieties. In 1967 Kafir A had a considerably higher concen­
tration of free amino acids at the microspore stage than at the 
tetrad stage, but in the Martin A line the order of concentra­
tions at the two stages was reversed. Both the Kafir and 
Martin A lines exhibited higher total free amino acid concen­
trations in 1968 at the microspore as opposed to the tetrad 
s tage. 
Cystine and valine were separated only in the I967 mate­
rial, consequently an analysis of variance could not be com­
puted for these amino acids. The means for these amino acids 
are presented in Tables 18 and 19. Cystine content was nearly 
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twice as high at the microspore stage as at the tetrad stage 
in the steriles. In the B and B lines the cystine concentra­
tion remained fairly constant from tetrad to pollen stages. 
Valine accumulated continuously in both the sterile and fertile 
lines as microsporogenesis proceeded. 
Means for the free amino acid determinations in anthers 
from the I969 greenhouse experiment are presented in Tables 29 
and 30 and in Appendix Table 46. Threonine and asparagine were 
not separated, and values for the combination of these two 
amino acids are expressed as threonine and are listed in 
Table 29. However, Table 30 gives amino acid values obtained 
when a column was employed which separated threonine and 
asparagine. 
Amino acid concentrations observed in the anthers from 
greenhouse plants were considerably larger than those detected 
in field-grown material. There are several possible explana­
tions for this discrepancy. Anthers from the field experiments 
were frozen for a much longer period of time than the anthers 
from the greenhouse experiment. Some amino acid degradation 
could have occurred during this long freezing period, and the 
large ammonia peaks on the chromatograms from the field experi­
ments indicate that such a breakdown may have taken place. 
Also, the heads exhibiting the mature pollen stage were 
collected from the field plants just after the heads had 
initiated emergence from the flag leaf. In the greenhouse 
experiment the anthers containing mature pollen were collected 
Table 29. Means for free amino acid contents, expressed as micrograms amino acid per 
milligram dry anther, in greenhouse-grown A, B, and recovered R lines, 
averaged over two varieties 
Amino A lines B lines Rec. R lines 
acid Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Taurine 0. 000 0 .425 0 .000 0 .000 0 .477 0 .000 0, .000 0 .000 
Aspartic acid 1, .375 1 .436 1 .948 1 .863 1, .456 1 .679 1, .674 1 .658 
Thr. & asparagine 4, .428 7 .879 5 .715 4 . 806 2 .173 3 .095 4, .002 2 .377 
Serine 4 .826 4 .204 5 .681 3 .433 3 .309 4 .012 5' .199 4 .776 
Glutamic acid 4 .359 2 .993 5 .387 4 .027 2 .701 4 .611 4, .733 1 .904 
Citrulline 0 .316 0 .000 0 .223 0 .106 0 .000 0 .275 0 .098 0 .000 
Proline 0 .644 1 .171 0 .598 3 .552 25 .031 0 .637 4 .990 32 .718 
Glycine 0 .363 0 .292 0 .426 0 .606 0 .523 0 .312 0 .671 0 .643 
Alanine 2 .858 1 .772 4 .577 4 .415 2 .603 3 .301 4 .420 3 .840 
Valine 0 .751 1 .383 0 .751 1 .310 0 .951 0 .549 1 .389 1 .250 
Methionine 0 .081 0 .139 0 .117 0 .501 0 .414 0 .088 0 .488 0 .461 
Isoleucine 0 .447 0 .844 0 .359 1 .262 0 .810 0 .321 1 .444 1 .723 
Leucine 0 .427 0 .955 0 .397 1 .609 1 .100 0 .376 1 .668 1 .605 
Tyrosine 0 .758 1 .238 0 .706 1 .429 2 .876 0 .657 1 .946 2 .633 
Phenylalanine 0 .808 1 .673 0 .357 1 .367 1 .346 0 .318 1 .517 1 .690 
Ornithine 0 .000 0 .122 0 .229 0 .133 0 .077 0 .000 0 .000 0 .000 
Lysine 0 .540 1 .347 0 .490 1 .865 1 .165 0 .420 1 .768 1 .625 
Hist id ine 0 .244 0 .681 0 .136 0 .410 0 .349 0 .111 0 .348 0 .485 
Arginine 0 .289 0 .552 0 .232 1 .312 0 .739 0 .288 1 .248 1 .225 
Total 23 .510 29 .101 28 .324 34 .002 48 .096 21 
00 0
 37 .599 60 .610 
Table JO. Free amino acid contents, expressed as micrograms amino acid per 
milligram dry anther, in greenhouse material, analyzed on column which 
separated threonine and asparagine 
Amino acid Kafir A Kafir B Kafir Rec. R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Taurine 0.000 0.000 0.40? 0.000 0.232 0.485 0.311 
Aspartic acid 1.258 0.000 1.795 1.732 0.000 1.366 0.990 
Threonine 0.977 1.359 0.000 0.000 1.412 1.203 1.130 
Serine 4.250 3.263 3-899 5.000 3.138 4.272 3.413 
Asparagine 17.064 8.082 9.064 0.000 4.766 5.655 1.408 
Amino acid Martin A Martin B Martin Rec. R 
Tet. Mic. Tet. Mic. Poll, Tet. Mic. Poll. 
Taurine 0.528 0.888 O.I6O 0.504 0.000 O.305 O.508 1.048 
Aspartic acid 0.000 0.972 0.000 1.103 O.716 0.000 0.880 1.753 
Threonine 0.000 0.781 2.313 0.662 O.365 1.623 0.726 1.229 
Serine 4.130 2.954 3.997 2.546 2.182 2.868 4.224 4.878 
Asparagine 9.074 15.420 9.232 4.302 I.656 6.376 4.789 3.215 
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just prior to anthesis. This difference of one to three days 
in the time of collection could have allowed greater amounts of 
free amino acids to accumulate in the greenhouse anthers. 
The greenhouse plants were considerably less vigorous and 
much shorter than the field-grown plants. Also, several appli­
cations of insecticide were made on the greenhouse plants. 
These factors may have caused somewhat different distributions 
of free amino acids than those observed for the vigorous 
field-grown plants. The amino acid analyses for the field and 
greenhouse experiments also were performed in different labo­
ratories on different amino acid analyzers. This factor also 
could have contributed to the differences in magnitude of 
greenhouse and field values, although it likely was of less 
consequence than the factors mentioned previously. 
In all lines, regardless of fertility status, the total 
amount of free amino acids increased as microsporogenesis 
advanced toward completion (Table 29). Several of the amino 
acids exhibited striking alterations in concentration at 
different stages. The A lines showed an accumulation for the 
threonine-asparagine combination between the tetrad and micro­
spore stages. In the B lines and the Martin recovered R line 
this amino acid pair decreased in concentration as the mature 
pollen stage was approached (Appendix Table 46). In the Kafir 
recovered B line threonine and asparagine content increased 
from tetrad to microspore stages, but then decreased between 
the microspore and pollen stages. 
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Table 30 shows that asparagine is the amino acid in this 
pair which was present in high concentrations. Unfortunately 
the Kafir A tetrad sample was destroyed prior to analysis, and 
the comparison for asparagine content at the tetrad vs. micro­
spore stages could not be made for this line. However, the 
asparagine content of Kafir A at the microspore stage is high 
relative to its concentration in the B and recovered R lines. 
Asparagine content of the Martin A line shows a marked accu­
mulation from the tetrad to microspore stage. In Kafir B the 
tetrad and microspore stages contained considerable amounts of 
asparagine, but the pollen stage was devoid of this amino acid. 
This absence of asparagine in one stage is difficult to under­
stand and could be the result of an error in laboratory pro­
cedure. In the Kafir recovered R line an increase in aspara­
gine occurred between tetrad and microspore stages, followed by 
a sharp decline between microspore and pollen stages. The B 
and recovered R lines of Martin exhibited continuous decreases 
in asparagine content as microsporogenesis progressed. 
In the sterile lines a moderate increase in proline was 
observed between the tetrad and microspore stages. A consider­
ably greater increase in proline from the tetrad to microspore 
stages was noted in the B and recovered R lines, and then a 
striking gain in proline content occurred between the micro­
spore and mature pollen stages. Proline content in the B and 
recovered R lines at pollen stage was 40 to 60 times greater 
than that observed at the tetrad stage. 
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Tyrosine content increased with time in both the fertile 
and sterile lines (Table 29). However, the accumulation was 
more rapid in B and R lines than in the steriles. The tyrosine 
content at pollen stage in the B and E lines was approximately 
four times greater than that observed at the tetrad stage. 
Glutamic acid concentration decreased in all lines as micro-
sporogenesis proceeded toward completion, but the decreases 
were greater and more continuous in Kafir as opposed to Martin 
lines (Appendix Table 46). 
Glycine content decreased in the sterile lines between 
tetrad and microspore stages, but in the fertile lines it 
increased between the first two stages and then declined 
slightly between the microspore and pollen stages (Table 29). 
Serine and alanine concentrations also decreased between tetrad 
and microspore stages in the steriles. In the fertile lines 
the concentrations of these two amino acids fluctuated con­
siderably. 
The concentrations of valine, methionine, leucine, lysine, 
and arginine all increased between the tetrad and microspore 
stages of the A lines (Table 29). These amino acids also 
increased in the B and R lines between tetrad and pollen 
stages, but the greatest concentrations occurred at the micro­
spore stage. Concentrations of isoleucine, phenylalanine, and 
histidine increased in all lines with time, but the increases 
in the B lines were not continuous. Probably little attention 
should be focused on the data for taurine, citrulline, and 
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ornithine since the concentrations varied so greatly and in 
several instances, these amino acids were not detected at all. 
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DISCUSSION 
Male sterility is distributed widely in the plant kingdom, 
and can be caused by genetic, cytoplasmic, morphological, or 
environmental factors. According to Grogan and Sarvella (1964) 
male sterility can lead to the elimination of a strain or some­
times even a species, or it may be an important factor in the 
maintenance of hybrid vigor necessary for the perpetuation of 
certain organisms. Male sterility is an effective and useful 
tool in plant breeding. It permits the use of first generation 
hybrids in crops where hybrid seed could not be produced 
economically by emasculation, and consequently allows pro­
ducers to benefit from manifestations of heterosis. 
Except for studies related to pollen sterility, the 
results of experiments evaluating the effects of sterile vs. 
fertile cytoplasm in sorghum hybrids have not been published. 
Most of the investigations of cytoplasm effects have been con­
ducted with maize. Reports on the effects of Texas type 
sterile cytoplasm on the yield of maize hybrids are somewhat 
conflicting. In many experiments cytoplasmic sterile hybrids 
yielded significantly more than their fertile counterparts. 
However, yield reductions due to sterile type cytoplasm also 
have been observed, and in other experiments the yields of 
sterile and fertile cytoplasm hybrids have not differed sig­
nificantly. Duvick (1965) suggested that conflicting conclu­
sions may be caused by the failure to distinguish between 
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specific effects of the cytoplasm and the secondary effects of 
pollen sterility in nonrestorer genotypes. He concluded that 
Texas sterile cytoplasm reduces grain yield by a small amount, 
but since pollen sterility per se usually raises yields by a 
similar amount, only the genotypes that restore fertility are 
reduced in yield. However, both the restored and nonrestored 
hybrids with Texas sterile cytoplasm were shorter and produced 
fewer leaves than corresponding hybrids in fertile cytoplasm. 
Numerous experiments evaluating the effects of sterile cyto­
plasm on other morphological and physiological characteristics 
have shown no consistent differences attributable to the cyto­
plasm. 
In my experiments the effects of sterile vs. fertile 
cytoplasm in grain sorghum were evaluated in both lines and 
hybrids. The comparison of A lines (msms in sterile cytoplasm) 
with B lines (msms in fertile cytoplasm) encounters the same 
difficulty as Duvick (I965) pointed out in corn with respect 
to testing cytoplasms in nonrestorer genotypes. The A lines 
do not produce pollen, and consequently the effects of cyto­
plasm, and of the lack of pollen formation, are confounded. 
Means presented in Table 12 indicate that the A lines were 
lower yielding, had higher 100-seed weights, produced fewer 
seeds/head, and exhibited considerably higher protein percent­
ages than the B lines. The high 100-seed weights and low 
numbers of seeds/head in the A lines in 1968 were caused by 
incomplete seed set on the sterile lines. High protein 
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percentages exhibited by the sterile lines could be caused by 
the channeling to the seed of nitrogen that would be used in 
pollen production in the fertiles. The differences in seed 
size between the A and B lines also may have affected the rela­
tive protein percentages. 
The A lines bloomed significantly later than the B lines 
in both years (Table 13)• This effect is similar to the delay 
in pollen shedding caused by the Texas sterile cytoplasm in 
some maize hybrids (Russell and Marquez-Sanchez, 1966). Plant 
height was slightly, but not significantly, greater in the 
sterile lines than in the B lines in both years. In 196? the 
A lines produced a smaller leaf area than the B lines, but in 
1968 leaf area of the A lines was significantly greater than 
that of the B lines. 
The comparison of sorghum hybrids having sterile cytoplasm 
with their corresponding fertile cytoplasm hybrids provides a 
critical evaluation of cytoplasm effects, since both types have 
the Msms genetic constitution and shed functional pollen. 
Results from the two field experiments indicated no significant 
cytoplasm effects on grain yield or the components of yield 
(Tables 7 and 8, comparison number 10). However, in both years 
the hybrids with fertile cytoplasm produced slightly more 
seeds/head and fewer heads/plant than the hybrids with sterile 
cytoplasm (Table 12). 
In 1968, the hybrids having sterile cytoplasm were sig­
nificantly earlier to bloom, taller, and smaller in leaf area 
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than the hybrids with fertile cytoplasm (Table 13). The same 
trends were observed for these characters in 19^7. but the 
differences were not significant. The cytoplasm effect on 
plant height is opposite to the effect reported in maize by 
Duvick (1965)» where reductions in height due to Texas sterile 
cytoplasm were observed in both restored and nonrestored 
hybrids. 
The most striking cytoplasm effects were noted for seed 
protein content and for pollen sterility. In both field 
experiments sterile cytoplasm hybrids had significantly more 
protein in the seed and greater pollen sterility than the 
hybrids with fertile cytoplasm (Tables 12 and 13)• Pollen 
sterility percentages also were higher, although the differ­
ences were not significant, in sterile cytoplasm hybrids than 
in corresponding fertile cytoplasm hybrids in the greenhouse 
experiment. It is possible that the higher protein contents 
of the sterile cytoplasm hybrids resulted from the relatively 
large amount of pollen sterility exhibited by these hybrids. 
If this is the cause, or partial cause, of the higher protein 
contents in sterile cytoplasm hybrids, then the protein differ­
ences are not an effect of the sterile cytoplasm per se, but 
rather a secondary effect of pollen sterility. Analyses for 
protein amino acids in the seed in the I967 experiment did not 
show significant cytoplasm effects (Table 17). 
Pollen sterility percentages for the hybrids with sterile 
cytoplasm do not approach the value necessary to support 
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the hypothesis of gametophytio control of pollen sterility. 
Brooks et al. (I966) suggested gametophytio control of pollen 
sterility in sorghums on the basis of the 43^ sterility they 
observed in Msms plants with sterile cytoplasm. The corre­
sponding lines with fertile cytoplasm exhibited only about 1$% 
sterility. 
In more extensive experiments. Brooks and Brooks (1967) 
noted that seven of 10 sorghum hybrids with sterile cyto­
plasm showed considerably less than the pollen sterility 
expected under a system of gametophytio control. Also the 
near 1:1 ratio of male fertile to male sterile plants in the 
progeny of backcrosses of to the A line parents indicated 
sporophytic instead of gametophytio control of pollen steril­
ity. In attempting to explain the high pollen sterility 
percentages of some hybrids having sterile cytoplasm, they 
postulated that since the B and A line cytoplasms are of 
different origins, they may have evolved different compositions 
or different metabolic pathways. The cytoplasmic factors in 
B lines apparently overcome the action of recessive restorer 
alleles, while the A line cytoplasmic factors are unable to 
do so, and require the dominant restorer allele to induce 
fertility. They also suggested that the cytoplasm of sterile 
lines might contain a factor(s) which inhibits fertility, or 
contrarily the cytoplasm of the fertiles might possess a 
factor(s) essential to fertility. 
113 
If such differences do exist between sterile and fertile 
cytoplasms, a single dominant restorer allele may not always 
be capable of restoring fertility completely in sterile cyto­
plasm hybrids. Certainly the data presented in Table 5 demon­
strates that regardless of environment or parentage, the 
hybrids having sterile cytoplasm exhibit considerably greater 
pollen sterility than the hybrids with fertile cytoplasm. 
The comparison of A lines with the recovered R lines in 
my experiments evaluates effects of the restorer gene, since 
both types of lines contain sterile cytoplasm. However, the 
problem of confounding due to the lack of pollen shedding in 
the steriles again arises. Table 12 shows that the A lines 
yielded less grain and produced fewer seeds/head and heads/ 
plant, but had considerably higher protein contents than the 
recovered R lines. The sterile lines also bloomed later and 
were slightly taller than their corresponding recovered R lines 
(Table 13). Duvick (1965) reported that the Rf^ allele which 
restores pollen fertility to the majority of maize genotypes 
in Texas sterile cytoplasm appears to have no pleitropic 
effects in hybrids with either sterile or fertile cytoplasm. 
Whether the differences observed between the A lines and 
recovered R lines in my experiments resulted from pleitropic 
effects of the restorer alleles, effects due to genes linked 
closely with the restorer locus, or secondary effects result­
ing from the lack of fertile pollen in the steriles can not be 
determined from the data. 
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Free amino acid determinations were performed on anthers 
of male fertile and male sterile sorghum lines. Asparagine 
content of plants grown in the greenhouse increased greatly in 
the sterile lines between the tetrad (and earlier) stage and 
the free microspore stage (Tables 29 and 30). In the B and 
recovered B lines, asparagine content decreased between the 
tetrad and pollen stages. In the field-grown plants an accumu­
lation of asparagine in the steriles was not detected 
(Table l8). Decreases in asparagine content were noted in both 
the sterile and fertile lines as microsporogenesis proceeded 
toward completion. 
The greatest differences in amino acid content between 
male sterile and male fertile lines were shown for proline. In 
the field-grown steriles a slight decrease in proline content 
was noted between the tetrad and microspore stages, but in the 
B and recovered E lines a very large accumulation of proline 
occurred between the tetrad and pollen stages. In the green­
house plants proline content increased slightly in the sterile 
lines between tetrad and microspore stages, but a 40 to 60-fold 
increase occurred between the tetrad and pollen stages in 
fertile lines. In anthers from both the field and greenhouse 
experiments the concentration of proline at the tetrad stage 
was nearly the same for fertile and sterile lines. The 
accumulation of this amino acid appeared to begin just prior 
to the free microspore stage. These observations of asparagine 
buildup in the steriles and proline accumulation in the 
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fertiles agree with the findings of other researchers working 
with several crops (Fukasawa, 195^ ; Khoo and Stinson, 1957î 
Jones et al., 1957a. 1957b; Alam, 1967; Britikov and Musatova, 
1964). 
Tyrosine concentrations were similar in fertile and 
sterile lines at the tetrad stage (Tables 18 and 29). But in 
both the field and greenhouse material, tyrosine exhibited a 
greater concentration in fertile than in sterile lines at the 
microspore stage. Tyrosine contents at the mature pollen stage 
in fertile lines were four to six times greater than at the 
tetrad stage. Alam (1967) observed similar changes in tyrosine 
content in male sterile and male fertile lines of sudangrass. 
Alanine content was similar for male sterile and male 
fertile lines at the tetrad stage (Table I8). However, this 
amino acid accumulated in the fertile lines as microsporogene-
sis progressed toward completion, but in the steriles a 
decrease occurred. In greenhouse materials the decrease in 
alanine content occurred in sterile lines, but the accumulation 
occurred only in recovered R lines and not in the B lines 
(Table 29). The greater accumulation of alanine in fertile 
than in sterile sorghum lines agrees with data reported by 
Brooks (i960, 1962). Alam (1967) also detected higher alanine 
concentrations in male fertile than in male sterile lines of 
sudangrass at the pre-pollen stage. However, my results do 
not agree with those of Khoo and Stinson (1957) who noted an 
accumulation of alanine in sterile anthers of maize, beginning 
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at the quartet stage and increasing in the microspore stage. 
They also observed an accumulation of alanine in fertile lines, 
but it began later and proceeded slower than in the steriles. 
In other maize experiments, Jones et al. (1957a, 1957%) 
reported alanine accumulations similar to those shown by Khoo 
and Stinson (1957)• But hybrids having the A, B, or S-types 
of sterile cytoplasm did not exhibit the alanine accumulations 
noted in the hybrids with Texas sterile cytoplasm. 
Concentrations of glycine were similar in sterile and 
fertile lines at the tetrad stage (Tables 18 and 29). How­
ever, after this stage glycine decreased in the steriles but a 
moderate accumulation occurred in the fertiles. This trend 
agrees closely with the results obtained by Alam (1967) in 
comparable studies with sudangrass, but it does not agree with 
sorghum data published by Brooks (1962). She reported that the 
anthers from sterile lines of four grain sorghum varieties 
showed significant accumulations of glycine at the pre-pollen 
stage. She concluded that glycine was the only amino acid 
among those detected that qualified as a fertility-sterility 
differential. 
Serine and threonine contents in the field-grown materials 
decreased in steriles between the early and late stages of 
microsporogenesis, but in the fertile lines accumulations of 
these amino acids were observed with time (Table I8). In both 
the field and greenhouse experiments, glutamic acid content 
decreased as microsporogenesis progressed in sterile and in 
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fertile lines. However, the decline between tetrad and micro­
spore stages was considerably more rapid in steriles than in 
the fertiles. From experiments with Bermuda grass seedlings, 
Barnett and Naylor (1966) concluded that proline is readily 
synthesized and accumulated from glutamic acid. The decline 
in glutamic acid content noted in my experiments may be 
associated with the rapid proline buildup. In the sterile 
lines some factor may be inhibiting the conversion of glutamic 
acid to proline, since the decrease in glutamic acid is 
observed, but with no corresponding increase in proline. 
The total free amino acid contents at each stage (Tables I8 
and 29) show that at the tetrad stage the concentrations did 
not differ greatly between the fertile and sterile lines. At 
the free microspore stage, considerably greater amino acid 
concentrations were detected in the fertile than in the sterile 
lines. The largest increase in total amino acids occurred 
between the microspore and mature pollen stages in the 
fertiles. Much of this increase can be accounted for by the 
accumulations of two amino acids, proline and tyrosine. 
The important question is what role do free amino acids 
perform in the induction of pollen sterility. Duvick {I965) 
suggested that accumulations of alanine and asparagine in the 
anthers of sterile lines may indicate that the abortive micro­
spores are unable to utilize these amino acids. He pointed 
out that these amino acids are active in transamination 
reactions in other plant tissues. Also, he postulated that 
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the low proline content of sterile anthers could be a direct 
cause of pollen abortion, if proline is essential to the forma­
tion of certain storage proteins or of enzymes necessary for 
the development of pollen. In my experiments, alanine did not 
accumulate in the anthers of sterile lines; instead it accumu­
lated in anthers of the fertiles. It is possible that the 
relationship of alanine content with sterility is analogous to 
the role suggested by Duvick for proline. Alanine may be an 
essential component of certain compounds necessary for pollen 
development, and factors associated with the combination of 
sterile cytoplasm and recessive restorer alleles may inhibit 
the formation of a sufficient amount of alanine. 
Britikov et al. (1964) stated that the free proline of 
pollen is a substance of high physiological activity. They 
noted that proline is incorporated quickly into protein mole­
cules. In this process, nonmetabolizing proteins are formed 
in a number of different enzymes. Proline appears to intensify 
the synthesis of protein and other amino acids, and promotes 
polyphenoloxidase activity. As a hydrogen acceptor, proline 
participates directly in certain oxidation-reduction reactions. 
Proline and hydroxyproline form sharp fractures of 130° in 
protein molecules, and consequently these amino acids are 
instrumental in determining configurations of the protein mole­
cules. The authors concluded that proline in pollen may be 
an important compound in biochemical complexes formed in the 
process of sexual differentiation of flowers. These complexes 
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act as complementary systems and produce a unitary, active 
biochemical system.which functions when pollen comes into con­
tact with the stigma. 
In experiments with sudangrass, Alam (196?) observed that 
the differences between sterile and fertile lines in contents 
of glutamic acid, alanine, proline, and tyrosine did not become 
evident until after meiosis. He suggested that analyses using 
the technique of microautoradiography might determine whether 
these amino acids are synthesized in anther tissues, or are 
translocated from other plant parts. 
The factors which cause the accumulations or deficiencies 
of certain free amino acids in the anther are not known. 
Sterility mechanisms in different crops may involve different 
biochemical pathways. Alam (196?) detected smaller amounts of 
isoleucine, leucine, phenylalanine, tyrosine, and valine in the 
anthers of cytoplasmic male sterile lines than in male fertile 
lines of sudangrass. But in barley, these same five amino 
acids were higher in the anthers of genetic male-steriles than 
in fertiles (Whited, 1967). Alam suggested that control of the 
synthesis of these amino acids might be different in the two 
species. 
It seems likely that some association exists between the 
structural condition of the tapetal layer of the anther and 
the accumulation of free amino acids and other compounds essen­
tial to the development of functional pollen. Many studies 
have shovjn that tapetal cells in the anthers of fertile lines 
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disintegrate during microsporogenesis, while the tapetal cells 
of sterile lines remain intact. It is possible that tapetal 
cells in the fertiles contribute essential nutrients to the 
developing pollen. But the factors which stimulate or inhibit 
the breakdown of the tapetal layer are not known. 
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SUMMARY 
Replicated experiments were conducted at Ames, Iowa during 
1967 and 1968 to evaluate the effects of sterile vs. fertile 
cytoplasm on several agronomic characters of grain sorghum 
lines and hybrids. In another set of experiments, free amino 
acid contents in sorghum anthers were determined for two 
sterile (A) lines, two maintainer (B) lines, and two recovered 
restorer lines. The free amino acid contents in anthers at 
different stages of microsporogenesis were determined to gain 
information which could aid in elucidating the biochemical 
basis of male sterility. 
Three restorer (R) lines were crossed onto the A and B 
lines of Combine Kafir 60 and Martin varieties. Hand emascu­
lation was used in making the crosses involving B lines. The 
six A X R hybrids (sterile cytoplasm), six B x R hybrids 
(fertile cytoplasm), seven parental lines, and two recovered 
restorer lines (sterile cytoplasm) were grown in both field 
and greenhouse experiments. Only pollen sterility was measured 
in the greenhouse experiment. 
Hybrids having fertile cytoplasm did not differ signifi­
cantly from their counterparts with sterile cytoplasm for grain 
yield or the primary components of yield. However, in both 
years the fertile cytoplasm hybrids produced slightly more 
seeds/head and fewer heads/plant than those with sterile cyto­
plasm. The fertile cytoplasm hybrids bloomed later, were 
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shorter, and produced greater leaf area than the hybrids having 
sterile cytoplasm, but the differences were significant only in 
1968, The largest and most consistent differences due to 
types of cytoplasm were noted for protein content in the seed, 
and pollen sterility percentage. In both years the hybrids 
containing sterile cytoplasm were considerably higher in 
protein content, and in pollen sterility, than the fertile 
cytoplasm hybrids. The presence of fertile vs. sterile cyto­
plasm in the hybrids had little effect on the content of 
protein amino acids in the seed. 
The sterile (A) lines produced significantly less grain, 
higher 100-seed weights, and lower numbers of seeds/head than 
the maintainer (B) lines. The differences for grain yield and 
100-seed weight were influenced by a lack of complete seed set 
on the A lines in 1968. In both years the steriles bloomed 
significantly later than the B lines, and in 1968 the A lines 
produced significantly greater leaf area than the B lines. 
Protein content of the seed was significantly higher in sterile 
lines than in the B lines in both years. 
Recovered R lines (MsMs with sterile cytoplasm) were 
slightly higher yielding, produced more seeds/head and more 
heads/plant, and in 1968 exhibited lower 100-seed weights than 
the A lines. The recovered restorers also were lower in seed 
protein content, earlier to bloom, and shorter than the sterile 
lines. 
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The data obtained in these experiments indicate that 
cytoplasm per se does not exhibit marked effects on agronomic 
characters in grain sorghum. Protein in the seed, and pollen 
sterility were the only characters that showed consistent and 
significant differences between fertile and sterile cytoplasm 
hybrids. The greater protein content of the hybrids with 
sterile cytoplasm may have been caused by a more plentiful 
supply of nitrogen due to the higher pollen sterility in the 
sterile cytoplasm hybrids. The comparisons of recovered 
restorer lines with their counterpart sterile lines indicated 
that the restorer alleles exerted little influence on the 
plants other than restoration of fertility. 
Free amino acid analyses were performed on anthers at two 
stages of microsporogenesis in the Kafir 60 and Martin sterile 
lines, and at three stages for their counterpart B lines and 
recovered restorer lines. Anthers of the six lines were col­
lected from three different experiments, two in the field and 
one in the greenhouse. 
Individual and total free amino acid contents were similar 
for the sterile and fertile lines at the tetrad (and earlier) 
stage of microsporogenesis, but at the free microspore stage, 
total amino acid contents were higher for fertile than for 
sterile lines. The greatest accumulation of amino acids 
occurred between the microspore and pollen stages of the 
fertile lines. 
124 
Asparagine, proline, and tyrosine showed the largest 
differences in concentration between fertile and sterile lines. 
In the greenhouse experiment, asparagine content rose sharply 
in the sterile lines as microsporogenesis progressed, but in 
the fertiles it declined. This trend was not manifested in 
the field experiments. 
In both the field and greenhouse experiments, as micro­
sporogenesis proceeded the amount of proline increased greatly 
in the fertile lines, but not in the steriles. At the tetrad 
stage, proline contents in the fertiles and steriles were 
similar; but at the free microspore stage the divergence became 
evident, and between microspore and pollen stages a striking 
increase in proline content was detected in the fertile lines. 
Tyrosine content increased in both the sterile and fertile 
lines as microsporogenesis progressed, but the accumulation was 
more rapid in fertile than in sterile lines. 
Causes for the differences in amino acid concentrations of 
sterile and fertile lines and their role in pollen develop­
mental processes are not established. Differences in concen­
tration for some of the amino acids may not be involved 
directly in the processes leading to pollen abortion. How­
ever, it is very likely that some of the amino acid differences 
are associated directly with the reactions, or failures of 
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Table 31. Analyses of variance for grain yield and yield components for individual 
1967 and 1968 experiments at Ames, Iowa 
Source Degrees, Mean squares 
of of Grain yield 100-seed weight 
variation freedom 1967 1968 1967 1968 
Replicates 5 51,981** 39,509 0.171** 0.046* 
Entries 20 376.572** 325,867** 0.270** 0.638** 
Lines 8 88,934** 205,897** 0.209** 1.138** 
Hybrids 11 93,694** 185.767** 0.218** 0.181** 
Lines vs. hybrids 1 5,789,334** 2,826,734** 1.334** 1.667** 
Error 100 12,172 31,558 0.015 0.020 
Coeff. of variation, % (7 .17)  (10.10) (6 .26)  (6.04) 
Source Degrees Mean squares 
of of Seeds/head Heads/plant 
variation freedom 1967 1968 1967 1968 
Replicates 5 320,300** 124,036 0.190** 0.089** 
Entries 20 1,167,052** 1,502,644** 0.124** 0.179** 
Lines 8 1.260,808** 1,426,792** 0.247** 0.345** 
Hybrids 11 303,402** 281,605** 0.045* 0.070** 
Lines vs. hybrids 1 9,917,154** 15,540,889** 0.018 0.056 
Error 100 47.054 74.789 0.021 0.017 
Coeff. of variation, % (6.34) (8.62) (11.39) (10.44) 
Table 32. Analyses of variance for protein content of the seed and pollen sterility 
for individual I967 and I968 experiments at Ames, Iowa 
Source Degrees Mean squares Degrees Mean squares 
of of Protein content of Pollen s terility 
variation freedom 1967 1968 freedom 1967 1968 
Replicates 2 0.152 0.945 5 53.54 727.72** 
Entries 20 9.011** 9.299** 20 3,940.92** 8,490.55** 
Lines 8 12.869** 14.977** 8 8,107.33** 18,664.64** 
Hybrids 11 5.897** 2.471** 11 532.06** 787.76** 
Lines vs. hybrids 1 12.399** 38.976** 1 8,106.99** 11,828.38** 
Experimental error ko 0.294** 0.606** 100 54.02 128.04** 
Sampling error 63 0.039 0.153 126 — — 69.06 
Coeff. of variation, ^  f (4.11) (7.18) (27.7) (49.5) 
Table 33. Analyses of variance for days to mid-bloom, plant height, and leaf area 






Days to mid-bloom 
squares 
Plant height 
variation freedom 1967 1968 1967 1968 

























Experimental error ICQ 17.39** 10.14** 59.55 74.20** 
Sampling error 1134 5.03 3.16 47.93 33.30 



























Experimental error 100 4,301** 2,692 
Sampling error 1134 2,960 . 3,444 
Coeff. of variation, ? Î (15.34) (11.04) 
Table 3k. Mean squares for single degree of freedom comparisons for grain yield and 
100-seed weight for the combined 1967 and I968 experiments at Ames, Iowa 
Mean squares 
Comp. Source of Grain yield 100-seed weight 
no. variation D.F. Entries Ent. X years Entries Ent. X years 
1 Lines vs. hybrids 1 8 , 3 5 3 , 3 9 0 * *  262,678** 0.009 2.992** 
Lines 8 2 2 9 , 8 6 4 * *  6 4 , 9 6 8 * *  0.910 0 . 4 3 7 * *  
2 A vs. B 1 261,665 15.123 2.071* 1 . 3 6 3 * *  
3 R vs. Rec. R 1 493.284* 348 1.713* 0.018 
4 A vs. Rec. R 1 75.605 6.053 1.274 1 . 5 5 5 * *  
5 B vs. Rec. R 1 55.965 2.041 0.096 0.006 
6 Kaf. A vs. Mar. A 1 2 9 9 , 9 3 7 *  23.877 0.015 0.175** 
7 Kaf. B vs. Mar. B 1 200,751 2 0.005 0.112* 
8 Kaf.Rec.R vs. Mar.Rec.R 1 2 , 3 6 0  2,204 0.033 0.046 
9 Tx. vs. PI. & Cap. 1 112.813 3 9 . 7 6 2  0 . 5 6 9  0.003 
Hybrids 11 2 3 6 , 5 1 9 * *  4 2 , 9 4 2 *  0.279 0.119** 
10 P vs. S cyto. 1 3 . 1 9 2  2 1 , 7 5 6  0.005 0.012 
11 Kaf.(F) vs. Kaf.(S) 1 2,800 14,993 0.017 0.000 
12 Mar.(P) vs. Mar.(8) 1 728 7 . 4 2 2  0.001 0.027 
13 Tx.(P) vs. Tx.(S) 1 1 , 0 9 3  1.508 0.033 0.031 
14 Pl.(P) vs. PI.(8) 1 3 . 2 6 7  9,464 0.025 0.028 
15 Cap.(F) vs. Cap.(8) 1 5.440 1 4 , 2 4 9  0.011 0.039 
16 Kaf. vs. Mar. in P 1 165.792 517 0.082 0.011 
17 Kaf. vs. Mar. in 8 1 1 4 5 . 3 5 0  184 0.195 0.005 
18 Tx. vs. PI. & Cap. in F 1 271.875 6.019 • 0 . 7 2 7  0.061 
19 Tx. vs. PI. & Cap. in S 1 403.437* 24,911 1.197 0 . 4 3 7 * *  
20 (Pl. vs. Cap. in F) vs. 
(PI. vs. Cap. in 8) 1 1 3 8  244 0.034 0.000 
Error mean square 6 2 , 7 3 9  21,865 0 . 3 9 0  0.017 
Error degrees of freedom 2 0  200 20 200 
Table 35. Mean squares for single degree of freedom comparisons for seeds/head and 
heads/plant for the combined 196? and I968 experiments at Ames, Iowa 
Mean squares 
Comp. Source of Seeds/head Heads/plant 
no, variation D.F. Entries Ent. x years Entries Ent. x years 
1 Lines vs. hybrids 1 25,143.585** 314,458* 0.069 0.005 
Lines 8 2,382,467** 305.134** 0.576** 0.016 
2 A vs. B 1 5.803.252** 816,930** 0.001 0.010 
3 R vs. Rec, R 1 5,143.041** 547,638** 1.855** 0.011 
4 A vs. Rec. R 1 1.305.151* 1.053,465** 0.078 0.017 
5 B vs. Rec. R 1 1,604.180** 15.017 0.095 0.001 
6 Kaf. A vs. Mar. A 1 1,003,686* 157,140 0.024 0.043 
7 Kaf. B vs. Mar. B 1 1,222,211* 220,033 0.010 0.008 
8 Kaf.Rec.R vs. Mar.Rec.R 1 29,470 66,255 0.010 0.005 
9 Tx. vs. PI. & Cap. 1 2,712,121** 415,264** 0.271** 0.006 
Hybrids 11 536,533* 48,474 0.079* 0.035* 
10 F vs. S cyto. 1 159.135 28,084 0.066 0.006 
11 Kaf.(F; vs. Kaf.(S) 1 195.938 120,541 0.040 0.004 
12 Mar.(F) vs. Mar.(8) 1 14,763 12,142 0.027 0.002 
13 Tx.(F) vs. Tx.(S) 1 231.019 5.504 0.068 0.026 
14 Pl.(F) vs. PI.(8) 1 64,607 11,501 0.000 0.047 
15 Cap.(F) vs. Cap.(8) 1 215,740 11,844 0.034 0.006 
16 Kaf. vs. Mar. in P 1 12,013 168,587 0.008 0.003 
17 Kaf. vs. Mar. in S 1 185,542 2,189 0.016 0.004 
18 Tx. vs. PI. & Cap. in F 1 973.182* 20,022 0.173* 0.008 
19 Tx. vs. PI. & Cap. in S 1 2,016,637** 10,489 0.374** 0.198** 
20 (Pl. vs. Cap. in F) vs. 
(PI. vs. Cap. in 8) 1 258.234 1 0.017 0.010 
Error mean square 164,437 60,922 0.026 0.019 
Error degrees of freedom 20 200 20 200 
Table 36. Mean squares for single degree of freedom comparisons for protein content 








content Days to mid-bloom 
Entries Ent. x years Entries Ent. X years 
1 Lines vs. hybrids 1 23.83** 1.86** 233.61** 4.29 
Lines 8 12.12** 1.81** 24.14** 5.11** 
2 A vs. B 1 21.91** 8.28** 54.61** 0.86 
3 R vs. Rec. R 1 0.64 0.00 8.74 1.57 
4 A vs. Rec. R 1 13.16** 3.68** 53.98** 2.56 
5 B vs. Rec. R 1 1.11 0.92* 0.00 0.46 
6 Kaf. A vs. Mar. A 1 8.07** 3.28** 19.44* 9.62** 
7 Kaf. B vs. Mar. B 1 22.94** 0.84 9.63 8.63* 
8 Kaf.Rec.R vs. Mar.Rec.R 1 33.70** 0.00 8.05 1.45 
9 Tx. vs. PI. & Cap. 1 1.43 1.10* 8.20 7.41* 
Hybrids 11 3.88** 0.30 22.33** 2.36 
10 F vs. S cyto. 1 3.36 0.02 9.05 6.30* 
11 Kaf.(P) vs. Kaf.(S) 1 1.91 0.23 15.77* 2.46 
12 Mar.(F) vs. Mar.(8) 1 1.46 0.09 0.08 3.92 
13 Tx.(P) vs. Tx.(S) 1 1.31 0.00 6.68 0.06 
14 Pl.(P) vs. PI.(8) 1 1.24 0.01 0.16 3.31 
15 Cap.(F) vs. Cap.(8) 1 0.84 0.04 9.19 7.68* 
16 Kaf. vs. Mar. in F 1 18.42** 1.44* 0.36 0.21 
17 Kaf. vs. Mar. in 8 1 16.95** 0.18 18.40* 0.76 
18 Tx. vs. PI. & Cap. in F 1 0.07 0.01 37.82** 0.28 
19 Tx. vs. PI. & Cap. in S 1 0.02 0.07 58.01** 12.02** 
20 (Pl. vs. Gap. in F) vs. 
(PI. vs. Cap. in 8) 1 0.02 0.01 5.90 0.45 
Error mean square 0.98 0.23 3.55 1.38 
Error degrees of freedom 20 80 20 200 
Table 37. Mean squares of single degree of freedom comparisons for plant height and 
leaf area for the combined I967 and 1968 experiments at Ames, Iowa 
Mean squares 
Comp. Source of Plant height Leaf area 
no. variation D.F. Entries Ent. X yrs. Entries Ent. X yrs. 
1 Lines vs. hybrids 1 2,241.47** 96.47** 5 2 , 7 3 7 . 5 1 * *  27.25 
Lines 8 1 , 3 9 7 . 0 9 * *  90.63** 6 7 , 8 9 7 . 1 0 * *  2,140.64** 
2 A vs. B 1 3.00 1.48 186.89 1 , 3 3 3 . 5 4  
3 R vs. Rec. R 1 3,666.47** 232.00** 1 5 7 , 3 0 8 . 9 0 * *  3,762.97** 
4 A vs. Rec. R 1 51.67 5 . 0 7  6.47 734.41 
5 B vs. Rec, R 1 29.77 1.08 123.83 88.70 
6 Kaf. A vs. Mar. A 1 2.67 147.01** 25,033.44** 2 , 4 1 2 . 5 5 * *  
7 Kaf. B vs. Mar. B 1 3 3 . 6 1  117.04** 6 , 5 7 9 . 8 7 *  257.17 
8 Kaf.Rec.R vs. Mar.Rec.R 1 179.31 114.40** 944.99 3,130.97** 
9 Tx. vs. PI. & Cap. 1 9 3 . 3 9  0.80 167,067.93** 1 , 9 9 8 . 6 4 *  
Hybrids 11 1,027.60** 12.13 10,192.29** 4 3 5 . 0 6  
10 F vs. 8 cyto. 1 9 3 . 6 1  56.62** 1,907.47 138.86 
11 Kaf.(P) vs. Kaf.(S) 1 4 . 2 1  30.16* 4,167.49 64.10 
12 Mar.(F) vs. Mar.(8) 1 135.30 26.53* 7.79 608.67 
13 Tx.(F) vs. Tx.(S) 1 13.02 14.96 811.91 3 7 5 . 8 3  
14- Pl.(F) vs. PI.(8) 1 62.34 2.47 470.27 481.62 
15 Cap.(F) vs. Cap.(8) 1 155.52 57.64** 648.46 318.66 
16 Kaf. vs. Mar. in F 1 10.43 0.00 3 , 1 1 9 . 4 8  929.33 
17 Kaf. vs. Mar. in 8 1 40.35 0.15 15,178.09** 4.81 
18 Tx. vs. PI. & Cap. in F 1 909.53** 0.43 26,200.06** 64.63 
19 Tx. vs. PI. & Cap. in 8 1 202.59 2.20 28,070.57** 1 , 3 9 3 . 0 0 *  
20 (PI. vs. Cap. in F) vs. 
(PI. vs. Cap. in 8) 1 10.47 18.11 7.15 8 . 1 8  
Error mean square 47.75 6.69 1,096.90 3 4 9 . 6 4  
Error degrees of freedom 20 200 20 200 
Table 38. Mean squares for single degree of freedom comparisons for pollen sterility 
for the combined 196? and 1968 experiments at Ames, Iowa 
Mean squares 
Comp. Source of Pollen s terility 
no. variation D.F. Entries Ent. X yrs. 
1 Lines vs. hybrids 1 1 3 , 9 3 4 . 1 0 * *  87.08 
Lines 8 1 7 , 3 7 8 . 3 7 * *  61.29 
2 A vs. B 1 9 5 . 0 7 4 . 2 5 * *  128.86 
3 R vs. Rec. R 1 8 4 3 . 2 4 * *  3 . 5 3  
4 A vs. Rec. R 1 76,623.30** 150.82 
5 B vs. Rec. R 1 994.27** 1.22 
6 Kaf. A vs. Mar. A 1 0.00 0.00 
7  Kaf. B vs. Mar. B 1 54.75 15.33 
8 Kaf.Rec.R vs. Mar.Rec.R 1 68.85 2 6 0 . 6 4 *  
9 Tx. vs. PI. & Cap. 1 39.59 1.22 
Hybrids 11 821.80** 104.15 
10 F vs. S cyto. 1 2 , 1 6 4 . 7 3 * *  190.50 
11 Kaf.(F) vs. Kaf.(S) 1 1 , 3 6 4 . 2 5 * *  272.32* 
12 Mar.(P) vs. Mar.(8) 1 833.07** 9.12 
13 Tx.(F) vs. Tx.(S) 1 800.50** 1.59 
14 Pl.(F) vs. PI.(8) 1 3 2 3 . 9 1  166.94 
15 Cap.(F) vs. Gap.(8) 1 1,176.22** 150.77 
16 Kaf. vs. Mar. in F 1 1,362.07** 131.00 
17 Kaf. vs. Mar. in S 1 2,023.12** 4.04 
18 Tx. vs. PI. & Cap. in F 1 454.44* 3 0 6 . 9 0 *  
19 Tx. vs. PI. & Cap. in S 1 3 5 4 . 9 1  2 . 2 7  
20 (Pl. vs. Cap. in F) vs. 
(PI. vs. Cap. in 8) 1 132.82 0.21 
Error mean square 86.15 59.02 
Error degrees of freedom 20 200 
Table 39- Analyses of variance for protein amino acids in the seed, expressed as 













































































Table 40. Means of protein amino acids In the seed, expressed as percentage of 
protein, from I967 experiment at Ames, Iowa 
Line or hybrid Alanine Valine Isoleuclne Glycine 
Leucine & 
threonine Proline 
A lines 9.248 3.732 2.914 1.833 12.862 5.435 
B lines 10.195 4.193 3.234 2.356 15.135 5.812 
Rec. R lines 9.732 3.982 3.026 2.058 14.177 5.693 
LSD .05* 1.456 1.069 0.417 0.361 1.912 0.727 
LSD .01 1.986 1.457 0.569 0.492 2.608 0.992 
R lines 8.392 4.154 3.182 2.360 14.109 5.376 
Hybrids (F cyto.) 10.557 4.638 3.205 2.386 15.397 6.141 
Hybrids (S cyto.) 10.290 4.340 3.241 2.282 15.104 6.103 
LSD .05^  0.841 0.617 0.241 0.208 1.104 0.420 
LSD .01 
a 
1.146 0.841 0.328 0.284 1.506 0.573 
Si LSD values to be used only for comparisons among A, B, and Rec. R lines. 
L^SD values to be used only for comparisons between the two types of hybrids. 
Table 40. (Continued) 








A lines 12.621 0.964 1.151 12.060 16.729 1.231 
B lines 9.928 1.082 1.256 12.522 16.577 1.557 
Rec. R lines 10.082 1.354 1.143 11.902 16.628 1.950 














R lines 9.450 0.936 1.148 12.286 16.384 1.867 
Hybrids (P cyto.) 8.293 1.107 1.256 12.561 18.308 1.811 
Hybrids (S cyto.) 9.603 1.158 1.293 12.455 17.917 1.657 














Table 41. Means for protein amino acids in the seed, expressed as percentage of 
dry sample and percentage of protein, in 1967 experiment at Ames, Iowa 
Line or hybrid Alanine Valine Isoleucine Glycine 
 ^S % V ^ 8 % V % S % T % S % -p 
Kafir 60 (A) 
Martin (A) 
Kafir 60 (B) 
Martin (B) 
Texas 7078 (R) 
Plainsman (R) 
Caprock (R) 
Kaf. 60 (Hec, R) 
Mar. (Rec. R) 
Kaf. X Tx. (F) 
Kaf. X Tx. (S) 
Kaf. X PI. (F) 
Kaf. X PI. (S) 
Kaf. X Cap. (F) 
Kaf. X Gap. (S) 
Mar. X Tx. (F) 
Mar. X Tx. (S) 
Mar. X PI. (F) 
Mar. X PI. (S) 
Mar. X Cap. (F) 




































































































Table 41. (Continued) 
Line or hybrid 
Leucine & 
threonine 
^ S % V 
Proline 





g 8 % V 
Kafir 60 (A) 1.603 12.450 0.741 5.752 1.788 13.888 0.132 1.020 
Martin (A) 2.065 13.273 0.796 5.117 1.766 11.353 0.141 0.907 
Kafir 60 (B) 1.673 14.135 0.731 6.175 0.875 7.386 0.143 1.294 
Martin (B) 2.441 16.134 0.824 5.448 1.887 12.469 0.132 0.869 
Texas 7078 (R) 2.041 14.635 0.698 5.002 1.667 11.949 0.167 1.194 
Plainsman (R) 1.868 15.238 0.729 5.951 0.735 5.994 0.096 0.776 
Caprock (R) 1.670 12.453 0.694 5.174 1.395 10.406 0.113 0.837 
Kaf. 60 (Rec. R) 1.669 14.050 0.675 5.684 0.791 6.659 0.136 1.142 
Mar. (Rec. R) 2.167 14.304 0.864 5.701 2.046 13.504 0.237 1.566 
Kaf. X Tx. (F) 1.795 15.344 0.711 6.077 1.170 9.999 0.152 1.299 
Kaf. X Tx. (S) 1.969 16.397 0.798 6.644 0.926 7.710 0.171 1.421 
Kaf. X PI. (P) 1.763 15.266 0.706 6.112 0.702 6.081 0.143 1.234 
Kaf. X PI. (S) 1.771 14.521 0.734 6.017 1.546 12.672 0.110 0.900 
Kaf. X Cap. (F) 1.724 14.269 0.747 6.186 1.054 8.724 0.119 0.983 
Kaf. X Cap. (S) 1.975 15.205 0.818 6.293 0.849 6.540 0.150 1.151 
Mar. X Tx. (F) 2.041 15.099 0.782 5.786 1.646 12.178 0.103 0.763 
Mar. X Tx. (S) 2.284 16.195 0.871 6.178 1.135 8.043 0.125 0.882 
Mar. X PI. (F) 2.246 17.158 0.854 6.522 0.806 6.152 0.205 1.561 
Mar. X PI. (S) 1.896 14.146 0.716 5.339 1.495 11.149 0.203 1.511 
Mar. X Cap. (F) 2.169 15.245 0.876 6.160 0.942 6.622 0.114 0.804 
Mar. X Cap. (S) 2.011 14.159 0.873 6.147 1.635 11.506 0.154 1.082 
X 1.945 14.746 0.773 5.879 1.279 9.570 0.145 1.104 
LSD .05 0.368 2.704 0.143 1.029 0.807 6.221 0.091 0.694 
LSD .01 0.502 3.688 0.195 1.403 1.100 8.484 0.124 0.947 
Table . (Continued) 
Phenyl­
alanine & Glutamic 
Line or hybrid Methionine asp. acid acid Lysine 
% S % P  ^8 % P % S % P  ^8 % P 
Kafir 60 (A) 0.168 1.306 1.694 13.158 2.115 16.436 0.144 1.115 
Martin (A) 0.155 0.995 1.705 10.962 2.647 17.021 0.210 1.347 
Kafir 60 (B) 0.163 1.377 1.528 12.909 2.050 17.319 0.202 1.703 
Martin (B) 0.172 1.135 1.836 12.135 2.396 15.834 0.214 1.411 
Texas 7078 (R) 0.151 1.078 1.629 11.675 2.235 16.027 0.202 1.445 
Plainsman (R) 0.144 1.169 1.603 13.074 2.078 16.950 0.240 1.954 
Caprock (R) 0.161 1.198 1.623 12.110 2.169 16.176 0.295 2.201 
Kaf. 60 (Rec. R) 0.164 1.375 1.507 12.685 2.116 17.809 O.3O8 2.589 
Mar. (Rec. R) 0.138 0.911 1.685 11.118 2.340 15.446 0.199 1.310 
Kaf. X Tx. (F) 0.126 1.075 1.459 12.470 2.004 17.133 0.178 1.518 
Kaf. X Tx. (S) 0.157 I.308 1.555 12.945 2.411 20.077 0.227 1.891 
Kaf. X PI. (P) 0.146 1.262 1.477 12.791 2.046 17.716 0.224 1.940 
Kaf. X PI. (S) 0.115 0.935 1.576 12.926 1.926 15.796 0.192 1.575 
Kaf. X Cap. (?) 0.103 0.847 1.516 12.552 2.276 18.845 0.222 1.839 
Kaf. X Cap. (S) 0.182 1.403 1.712 13.182 2.501 19.253 0.227 1.744 
Mar. X Tx. (F) 0.151 1.116 1.555 11.503 2.328 17.225 0.177 1.306 
Mar. x Tx. (S) 0.163 1.159 1.699 12.047 2.875 20.383 0.232 1.642 
Mar. X PI. (P) 0.253 1.932 1.719 13.133 2.772 21.172 0.331 2.529 
Mar. X PI. (S) 0.137 1.024 1.538 11.469 1.964 14.644 0.187 1.392 
Mar. X Cap. (F) 0.186 1.303 1.838 12.916 2.526 17.756 0.247 1.733 
Mar. X Cap. (S) 0.274 1.926 1.728 12.162 2.465 17.350 0.241 1.697 
X 0.162 1.230 1.627 12.377 2.297 17.446 0.223 1.708 
LSD .05 0.083 0.633 0.189 1.375 0.457 3.522 0.160 1.297 
LSD .01 0.114 0.863 0.258 1.875 0.623 4.803 0.219 1.769 
Table 42. Free amino acid contents, expressed as micrograms amino acid per milli­
gram dry anther, in I967 field-grown A, B, and recovered R lines, at 
three stages of pollen development 
Amino acid Kafir 60 A Kafir 60 B Kafir 60 Bee. R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Aspartic acid 1 .035 1, .949 0.899 0 .923 1. 077 1, .214 0.863 0 .780 
Threonine 0 .145 0. 194 0.113 0, .177 0. 264 0, .163 0.257 0 .210 
Serine 0 .779 1, 023 0.546 0 .588 1. 617 0, .729 0.850 1 .3^ 2 
Asparagine 2 .224 3. 233 1.982 1 .650 2. 153 2 .565 2.618 1 .262 
Glutamic acid 2 .072 1, .847 1.670 1 .300 1. 326 1 .828 1.275 1 .137 
Glutamine 1 .573 1, .238 0.539 0 .222 0. 351 0 .099 — — — 0 .098 
Proline 0 .053 0 .356 0.158 0 .260 2. 314 0 .419 0.444 1 .661 
Glycine 0 .103 0 .117 0.104 0 .109 0. 225 0 .128 0.169 0 .192 
Alanine 0 .650 0 .840 0.541 0 .637 0. 996 0 .325 — —  —  0 .873 
Methionine 0 
.353 0 .267 0.369 0 .328 0. 387 0 .367 0.382 0 .288 
Isoleueine 0 .146 0 .231 0.166 0 .280 0. 596 0 .196 0.355 0 .557 
Leucine 0 .496 0 .827 0.602 1 .182 1. 271 0 .768 1.494 1 .056 
Tyrosine 0 .504 0 .707 0.469 0 .707 2. 414 0 .479 0.752 2 .624 
Phenylalanine 0 .353 0 .776 0.463 0 .865 1. 492 0 .507 0.987 1 .447 
Lysine 0 .827 1 .605 1.061 1 .781 2. ,275 1 .332 1.631 1 .624 
Histidine 0 .170 0 .232 0.159 0 .142 0, ,341 0 .215 0.171 0 .185 
Arginine 0 .782 1 .264 0.925 1 . 668 2. ,225 1 .246 1.797 1 .526 
Cystine 0 .059 0 .104 0.083 0 .081 0. ,056 0 .092 0.083 0 .068 
Valine 0 .289 0 .398 0.334 0 .462 0. 786 0 .419 0.538 0 .599 
Total 12 .613 17 .206 10.869 13 .360 22, .165 13 .088 14.666 17 .527 
Table 42. (Continued) 
Amino acid Martin A Martin B Martin Rec. R 
Tet. Mic. Tet. Mlc. Poll. Tet. Mic. Poll. 
Aspartic acid 1.067 0. 432 1.014 0.897 0, .983 0, 860 0 .907 0.953 
Threonine 0.138 0. 058 0.145 0.174 0 .212 0 .165 0 .200 0.278 
Serine 0.808 0. 297 0.606 0.560 1 .167 0 .763 1 .127 1.424 
Asparaglne 5.267 2. 116 4.653 3.745 2 .852 5 .265 5 .723 3.856 
Glutamic acid 1.137 0. 476 1.402 1.005 1 .165 1 .030 1 .460 1.177 
Glutamine 1.278 0. 266 0.258 0.051 0 .149 — 
Proline 0.320 0. 089 0.138 0.284 2 .812 0 .116 0 .629 0.719 
Glycine 0.076 0. 080 0.103 0.137 0 .139 0 .099 0 .158 0.163 
Alanine 0.511 0. 339 0.151 0.438 0 .271 
Methionine 0.110 0. 098 0.279 0.276 0 .24? 0 .207 0 .211 0.301 
Isoleueine 0.139 0. 258 0.210 0.334 0 .688 0 .137 0 .382 O.508 
Leuc ine 0.362 0. 533 0.859 1.274 1 .256 0 .439 0 .989 1.476 
Tyrosine 0.494 0. 791 0.693 0.858 3 .175 0 .405 1 .003 1.478 
Phenylalanine 0.376 0, 742 0.682 1.006 2 .029 0 .330 0 .839 1.486 
Lys ine 0.655 0. 886 1.547 1.932 1 .791 0 .792 0 .947 2.697 
Histidine 0.149 0, 300 0.119 0.251 0 . 366 0 .139 0 .139 0.460 
Arginine 0.733 0. 792 1.364 1.775 1 .642 0 .603 0 .901 2.718 
Cystine 0.105 0, ,187 0.082 0.085 0 .112 0 .079 0 .114 0.131 
Valine 0.348 0, .377 0.434 0.501 0 .732 0 .312 0 .475 0.635 
Total 14.074 9. ,119 14.739 15.581 21 .791 11 .741 16 .204 20.460 
Table k-J. Free amino acid contents, expressed as micrograms amino acid per milli­
gram dry anther, in 1968 field-grown A, B, and recovered R lines, at 
three stages of pollen development 
Amino acid Kafir 60 A Kafir 60 B Kafir 60 Rec. R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Aspartic acid 0, .708 0 .293 0, .651 0. 814 0.687 0. 701 0 .628 0. 538 
Threonine 0 .117 0 .097 0 .141 0 .222 0.294 0. 126 0 .164 0. 161 
Serine 0 .465 0 .203 0 .383 0 .645 1.077 0. 431 0 .558 0. 766 
Asparagine 1 .476 1 .345 2 .049 2 .523 1.950 1. 577 1 .810 0. 709 
Glutamic acid 3 .003 0 .949 1 .925 2 .018 1.394 2. 204 1 .599 1. 520 
Glutamine 0 .956 0 .179 0 .570 0 .336 0.375 0. 195 0 .199 0. 146 
Proline 0 .172 0 .110 0 .215 0 .799 4.090 0. 228 0 .779 9. 680 
Glycine 0 .105 0 .100 0 .102 0 .167 0.260 0. 085 0 .147 0. 213 
Alanine 0 .413 0 .373 0 .514 0 .888 1.315 0. 472 0 .679 0. 911 
Methionine 0 .076 0 .045 0 .122 0 .237 0.188 0. 097 0 .125 0. 277 
Isoleucine 0 .176 0 .436 0 .297 0 .642 0.909 0. 229 0 .518 1. 168 
Leuc ine 0 .533 1 .374 1 .116 2 .342 1.831 0. 875 1 .621 1. 666 
Tyrosine 0 .531 0 .700 0 .666 1 .744 5.792 0. 601 1 .726 4. 014 
Phenylalanine 0 .395 1 .299 0 .723 1 .579 2.054 0. ,542 1 .287 2. 579 
Lysine 0 .952 1 .846 1 .789 3 .094 3.203 1. 525 2 .147 1. 658 
Histidine 0 .144 0 .414 0 .232 0 .660 0.752 0. ,260 0 .370 0. 341 
Arginine 0 .729 1 .598 2 .151 2 .698 2.618 1. 477 2 .043 1. 860 
Total 10 .950 11 .360 13 .644 21 .605 28.789 11, ,624 16 
CV
J 0
 28. 208 
Table 43. (Continued) 
Amino acid Martin A Martin B Martin Rec. R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Aspartlc acid 0, .825 0.531 0.637 0. 910 0, .769 0.783 0, .821 0.575 
Threonine 0, .157 0.143 0.128 0. 305 0 .253 0.155 0 .220 0.156 
Serine 0 .604 0.412 0.402 1. 088 1 .047 0.568 0 .672 1.039 
Asparagine 3 .341 3.485 3. 620 2 .369 3.515 3 .412 1.018 
Glutamic acid 1 .979 0.894 1.808 2. 194 1 .587 2.058 1 .510 1.929 
Glutamine 0 .978 0.155 0.423 0. 270 0 .345 0.413 0 .143 0.173 
Proline 0 .216 0.142 0.218 1. 706 6 
.797 0.410 0 .299 9.007 
Glyc ine 0 .102 0.080 0.094 0. 195 0 .171 0.141 0 .125 0.303 
Alanine 0 .408 0.362 0.458 1. ,243 0 .918 0.651 0 .616 1.788 
Methionine 0 .022 0.032 0.128 0. 24l 0 .107 0.095 0 .146 0.243 
Isoleucine 0 .202 0.389 0.244 0. ,890 0 .673 0.321 0 .416 1.427 
Leucine 0 .621 0.908 0.956 1. ,832 1 .134 1.109 1 .414 1.890 
Tyrosine 0 .606 0.870 0.628 2. ,724 2 .614 0.760 1 .034 3.506 
Phenylalanine 0 .447 1.493 0.626 2. ,025 1 .463 0.803 1 .066 2.784 
Lysine 1 .049 2.483 2.544 2, .484 1 .774 1.956 3 .042 1.578 
Histidine 0 .280 1.035 0.272 0. 603 0 .541 0.301 0 .519 0.499 
Arginine 0 .917 1.913 1.487 2. 068 1 .554 1.927 3 .032 1.498 
Total 12 .755 15.326 13.511 24, .396 24 .114 15.965 18 .486 29.411 
Table 44. Free amino acid contents, expressed as micromoles amino acid per gram 
dry anther, in 196? field-grown A, B, and recovered R lines, at three 
stages of pollen development 
Amino acid Kafir 60 A Kafir 60 B Kafir 60 Rec. R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Aspartic acid 7. 76 14, .64 6. ,74 6. 95 8. 09 9. 12 6. 49 5. 84 
Threonine 1. 24 1. .64 0. ,94 1. 50 2. 22 1. 38 2. 15 1. 75 
Serine 7. ,44 9. 75 5. ,20 5. 59 15. 40 6. 92 8, .08 12, .76 
Asparagine 16, .81 24, .46 15. ,01 12. ,48 16. 30 19. ,42 19. 82 9. 57 
Glutamic acid 14, .08 12, .57 11. 34 8. ,84 9. ,00 12. ,40 8, .67 7. 72 
Glutamine 10, .73 8, .46 3. 67 1. 52 2, .41 0, .67 0 .67 
Proline 4 .59 3 .11 1, .38 2. .26 20. 11 3. .64 3 .86 14, .44 
Glycine 1 .36 1 .57 1, .38 1. 47 3. 01 1. 2 .24 2 .55 
Alanine 7 .32 9 .^ 3 6 .06 7. 14 11, .18 3. .64 — 9 .81 
Methionine 2 .36 1 .78 2 .47 2, .20 2. 60 2, .46 2 .57 1 .95 
Isoleucine 1 .12 1 .75 1, .27 2. 15 4, .55 1, .49 2 .71 4 .23 
Leuc ine 
. 3 .78 6 .28 4 .60 9 .01 9 .68 5 .84 11 .39 8 .06 
Tyrosine 2 .79 3 .89 2 3, .90 13 .33 2, .66 4 .16 14 .47 
Phenylalanine 2 .11 4 .71 2 .81 5 .22 9 .03 3 .08 5 .99 8 .76 
Lye ine 5 .64 11 .00 7 .26 12 .17 15 .55 9 .12 11 .15 11 .12 
Hist id ine 1 .12 1 .50 1 .01 0 .90 2 .18 1 .38 1 .09 1 .17 
Ar g in ine 4 .47 7 .25 5 .31 9 .57 12 .76 7 .17 10 .32 8 .76 
Cystine 0 .25 0 .43 0 .34 0 .34 0 .23 0 .36 0 0 .27 
Valine 2 .48 3 .39 2 .84 3 .95 6 .70 3 .59 4 .60 5 .10 
Table 44. (Continued) 
Amino acid Martin A Martin B Martin Rec. R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Aspartic acid 8, .00 3. 23 7. 60 6, .74 7 .38 6. 46 6 .81 7, .17 
Threonine 1, .16 0. 51 1, .21 1, .46 1 .79 1. 37 1, .68 2, .36 
Serine 7 .67 2. ,81 5 .77 5 .32 11 .10 7. 26 10 .72 13 .54 
Asparagine 39 .85 l6. ,01 35 .23 28 21 .59 39. 85 43 .31 29 .20 
Glutamic acid 7 .74 3. ,23 9 .54 6 .83 7 .92 7. 01 9 .92 7 .98 
Glutamine 8 .73 1. ,80 1 .76 0 .35 . 1 .02 -- - -
Proline 2 .78 0. 78 1 .21 2 .46 24 .42 1. 02 5 .46 6 .27 
Glycine 1 .03 1, .06 1 .38 1 .82 1 .84 1. 32 2 .10 2 .16 
Alanine 5 .72 3. 83 1 .69 4 .91 3 .04 •  - — --
Methionine 0 
.73 0. 65 1 .87 1 .85 1 .65 1. 40 1 .41 2 .01 
Isoleueine 1 .06 1. 98 1 .59 2 .55 5 .24 1. 04 2 .91 3 .86 
Leucine 2 .74 4. 06 6 .53 9 .71 9 .59 3. 35 7 .54 11 .24 
Tyrosine 2 .71 4, .38 3 .84 4 .73 17 .52 2. 23 5 .53 8 .18 
Phenylalan ine 2 .28 4, .48 4 .11 6 .09 12 .27 2. 01 5 .08 8 .98 
Lys ine 4 .50 6 .05 10 .58 13 .21 12 .26 5. ,4l 6 .47 18 .46 
H1stidine 0 .96 1 .94 0 .76 1 .61 2 .36 0. 91 0 .90 2 .96 
Arginine 4 .20 4, .57 7 .85 10 .20 9 .43 3. ,46 5 .18 15 .60 
Cystine 0 .43 0 .78 0 .35 0 .35 0 .46 0. 33 0 .47 0 .55 
Valine 2 .98 3 .23 3 .70 4 .28 6 .24 2. '67 4 .06 5 .42 
Table 45. Free amino acid contents, expressed as micromoles amino acid per gram 
dry anther, in I968 field-grown A, B, and recovered R lines, at three 
stages of pollen development 
Amino acid Kafir 60 A Kafir 60 B Kafir 60 Rec. R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Aspartic acid 5 .31 2 .20 4 .88 6 .10 5 .15 5 .25 4 .71 4 .03 
Threonine 0 .97 0 .81 1 .17 1 .86 2 .46 1 .04 1 .37 1 .35 
Serine 4 .41 1 .92 3 .64 6 .12 10 .24 4 .10 5 .30 7 .28 
Asparagine 11 .17 10 .17 15 .51 19 .08 14 .75 11 .92 13 .69 5 .36 
Glutamic acid 20 .40 6 .44 13 .08 13 .70 9 .47 14 .96 10 .85 10 .32 
Glutamine 6 .54 1 .21 3 .89 2 .29 2 .56 1 .33 1 .35 0 .99 
Proline 1 .48 0 .95 1 .86 6 .93 35 .52 1 .98 6 .75 84 .07 
Glycine 1 .39 1 .32 1 .35 2 .22 3 .46 1 .12 1 2 .83 
Alanine 4 .62 4 .18 5 .75 9 .96 14 .75 5 .29 7 .61 10 .21 
Methionine 0 .49 0 .28 0 .81 1 .57 1 .24 0 .64 0 .83 1 .85 
Isoleuoine 1 .33 3 .31 2 .25 4 .88 6 .92 1 .74 3 .94 8 .89 
Leucine 4 .05 10 .47 8 .50 17 .84 13 .94 6 . 66 12 .35 12 .69 
Tyrosine 2 .91 3 .86 3 .67 9 .61 31 .95 3 .31 9 .51 22 .14 
Phenylalan ine 2 .38 7 . 86 4 .37 9 .55 12 .42 3 .27 7 .79 15 .60 
Lysine 6 .50 12 .62 12 .23 21 .15 21 .89 10 .42 14 .68 11 .34 
Histidine 0 .92 2 .66 1 .48 4 .24 4 .83 1 . 66 2 .38 2 .19 
Arginine 4 .17 9 .16 12 .33 16 .62 15 .01 8 .47 11 .72 10 .67 
Table ^5» (Continued) 
Amino acid Martin A Martin B Martin Rec, R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Aspartic acid 6. 19 3 .98 4 .78 6. 83 5 .76 5 .87 6. 15 4, .31 
Threonine 1. 30 1 .18 1 .07 2. 55 2 .11 1 .29 1. 84 1 .31 
Serine 5. 74 3 .91 3 .81 10. 35 9 .95 5 .39 6. 39 9 .87 
Asparagine 25. 27 26 .37 18 .60 27. ,38 17 .91 26 .60 25. 81 7 .70 
Glutamic acid 13. 44 6 .06 12 .28 14. ,90 10 .77 13 .98 10. 25 13 .10 
Glutamine 6. 68 1 .05 2 .89 1. 84 2 .35 2 .82 0. 97 1 .17 
Proline 1. 87 1 .22 1 .88 14. 80 59 .03 3 .55 2. 57 78 .22 
Glycine 1. 35 1 .05 1 .24 2. 59 2 .26 1 .87 1. 65 4 .02 
Alanine 4. 57 4 .05 5 .14 13. 95 10 .30 7 .30 6. 90 20 .06 
Methionine 0. 14 0 .20 0 .85 1, .61 0 .71 0 .63 0. 97 1 .61 
Isoleucine 1. 54 2 .96 1 .85 6, .78 5 .11 2 .44 3. 16 10 .86 
Leuc ine 4. 73 6 .91 7 .28 13. 96 8 . 64 8 .45 10. 77 14 .40 
Tyrosine 3. 33 4 .79 3 .46 15 .02 14 .41 4 5. 69 19 .34 
Phenylalanine 2. 70 9 .03 3 .78 12, .25 8 .84 4 .86 6. 44 16 .84 
Lysine 7. 17 16 17 .39 16, .98 12 .12 13 .37 20. 79 10 .77 
Hist id ine 1. 79 6 . 66 1 .74 3. 87 3 .47 1 .93 3. 33 3 .20 
Arginine 5. 25 10 .96 8 .53 11 .86 8 .91 11 .06 17. 40 8 .59 
Table 46. Free amino acid contents, expressed as micrograms amino acid per milli­
gram dry anther, in greenhouse-grown A, B, and recovered R lines, at 
three stages of pollen development 
Amino acid Kafir 60 A Kafir 60 B Kafir 60 Rec. R 
Tet. Mic. Tet. Mic. Poll. Tet. Mic. Poll. 
Taurine 0, .000 0, .850 0.000 0, .000 0.371 0, .000 0. 000 0 .000 
Aspartic acid 1, .324 1, .451 2.071 2, .153 1.450 1, .692 1. 987 1 .206 
Thr. & asparag. 2 .982 6 .803 5.928 5 .900 2.074 2 .621 4. 444 2 .128 
Serine 4, .332 3 .334 6.842 3 .019 3.839 3 .848 5. 559 4 .061 
Glutamic acid 5 .549 3 .016 6.439 3 .702 2.551 5 .116 4. 880 1 .189 
Citrulline 0 .631 0 .000 0.000 0 .000 0.000 0 .329 0. 000 0 .000 
Proline 0 .613 1 . 066 0.606 4 .806 24.051 0 .590 7. 191 33 .990 
Glycine 0 .432 0 .286 0.413 0 .767 0.708 0 .328 0. 806 0 .695 
Alanine 3 .670 1 .671 3.956 4 .589 3.078 3 .250 4. 077 4 .064 
Valine 0 .613 1 .131 0.088 1 .716 1.083 0 .591 1. 679 1 .275 
Methionine 0 .000 0 .112 0.130 0 .653 0.564 0 .075 0. 556 0 .459 
Isoleueine 0 .308 0 .520 0.361 1 .667 0.986 0 .319 1. ,924 1 .908 
Leuc ine 0 .383 0 .929 0.380 2 .068 1.400 0 .444 1. ,967 1 .903 
Tyrosine 0 .795 0 .851 0.748 1 .604 3.764 0 .676 2. 693 2 .615 
Phenylalan ine 0 .479 1 .817 0.421 1 .627 1.829 0 .275 2. 058 1 .912 
Ornithine 0 .000 0 .243 0.000 0 .088 0.061 0 .000 0. 000 0 .000 
Lysine 0 .422 1 .532 0.517 2 .548 1.502 0 .474 2, .157 2 .081 
Histidine 0 .127 0 .677 0.191 0 .547 0.440 0 .143 0. 444 0 .443 
Arginine 0 .263 0 .712 0.284 1 .740 0.968 0 .329 1, .503 1 .617 
Total 22 .923 27 .001 29.975 39 .194 50.719 21 .100 43 .925 61 .546 
Table 46. (Continued) 
Amino acid Martin A Martin B Martin Rec. R 
Tet. Mic. Tet, Mic. Poll. Tet. Mic. Poll. 
Taurine 0 .000 0 .000 0.000 0 .000 0 .583 0 .000 0 .000 0.000 
Aspartic acid 1 .425 1 .420 1.825 1 .572 1 .462 1 .665 1 .361 2.109 
Thr. & asparag. 5 .874 8 .954 5.501 3 .711 2 .272 3 .569 3 .559 2.626 
Serine 5 .320 5 .074 4.519 3 .847 2 .778 4 .176 4 .839 5.490 
Glutamic acid 3 .169 2 .970 4.335 4 .352 2 .850 4 .106 4 .586 2.619 
Citrulline 0 .000 0 .000 o.#5 0 .212 0 .000 0 .221 0 .196 0.000 
Proline 0 .674 1 .275 0.589 2 .297 26 .011 0 .684 2 .789 31.445 
Glycine 0 .293 0 .297 0.439 0 .445 0 .338 0 .296 0 .535 0.590 
Alanine 2 .045 1 .872 5.197 4 .240 2 .127 3 .352 4 .762 3.615 
Valine 0 .889 1 .634 0.813 0 .903 0 .818 0 .506 1 .098 1.225 
Methionine 0 .162 0 .165 0.104 0 .348 0 .264 0 .100 0 .420 0.463 
Isoleueine 0 .585 1 .168 0.357 0 .857 0 .634 0 .323 0 .963 1.538 
Leuc ine 0 .470 0 .981 0.414 1 .149 0 .800 0 .308 1 .368 1.307 
Tyrosine 0 .721 1 .625 0.664 1 .254 1 .987 0 .637 1 .199 2.651 
Phenylalanine 1 .137 1 .528 0.292 1 .107 0 .863 0 .361 0 .976 1.468 
Ornithine 0 .000 0 .000 0.457 0 .178 0 .092 0 .000 0 .000 0.000 
Lysine 0 .658 1 .161 0.462 1 .181 0 .827 0 .366 1 .378 1.168 
H1stidine 0 .361 0 .68^  0.081 0 .272 0 .258 0 .078 0 .252 0.527 
Arglnlne 0 .314 0 .392 0.179 0 .884 0 .509 0 .247 0 .992 0.832 






45 .473 20 .995 31 .273 59.673 
